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ABSTRACT

Late gestation and post-weaning are two critical periods a calf needs to receive proper
nutrition to insure adequate growth for the rest of the animal’s lifespan. Supplementation
at these critical time points may be necessary in order to meet nutritional requirements.
The objectives of this research were to 1) assess the performance and endocrine
regulation of 15 mo old heifers born to dams who were nutrient restricted with or without
protein supplementation during the last 100 d of gestation (NRS and NR, respectively)
and 2) determine the effects of weaning age, lipid supplementation, and days on lipid
supplement on growth, circulating metabolites, and marbling in young steers. In the first
study, dams producing heifer calves were either fed to meet requirements (CON), fed to
reduced BCS by 1.2 (NR) or fed to reduce BCS by 1.2 and supplemented with protein 3
d/wk (NRS). At 15 mo of age, heifer offspring were subjected to a 10 wk feeding trial in
which blood samples and BW were collected bi-weekly. At the end of feeding, 21
randomly subsampled heifers were subjected to an intravenous glucose tolerance test
(IVGTT). Heifers born to NR dams experienced altered appetite and endocrine regulation
compared with heifers born to CON dams. This study indicated that protein
supplementation in dams experiencing NR during the last 100 d of gestation may abate
the negative effects associated with DMI and glucose regulation because NR heifers
experienced increased DMI and signs of insulin resistance whereas NRS heifers exhibited
DMI and glucose regulation similar to that of CON heifers. In the second study, steers
were either early-weaned 150 ± 11 d of age (EW) or traditionally weaned at 210 ± 11 d of
age (TW) and assigned to either a rumen-bypass lipid treatment (RBL) or an isocaloric,
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isonitrogenous corn gluten feed treatment ration (CGF). Within each treatment, steers
were fed for a duration of either 45 or 90 d. Body weight and blood samples were
collected on d 0, 22, 45, 66, and 90. Following the end of treatment steers were harvested
at a commercial processing plant where carcass measurements were obtained. Steaks
from each animal were used for proximate analysis. Circulating metabolites, marbling
content, and specific as well as total fatty acid concentrations were increased in RBL
steers compared to CGF steers. Overall, our results indicate that supplementation during
late gestation and at weaning improves animal performance and could improve the
efficiency of production.
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CHAPTER ONE
INTRODUCTION

The majority of beef cattle in the United States are raised in forage based systems.
However, there are multiple time points throughout the year when forage alone is unable
to meet nutritional requirements. Limited nutrients could be due to environmental factors
such as drought or due to the phase of production such as lactation (Funston et al., 2010;
Wu et al., 2006). Adequate maternal nutrition is vital for proper growth and development
of a fetus in utero and is a key factor in efficient postnatal calf growth. When faced with a
lack of nutrients provided by inadequate forages, many producers will supplement their
animals in order to meet the nutritional requirements and/or implement production
practices such as early weaning to reduce the nutritional requirements of lactating cattle.
Protein supplementation during late gestation has been shown to negate the negative
effects of nutrient restriction during the same time period such as reduced calf birth
weight and reduced growth rate from 30 days of age to weaning (LeMaster, et al., 2017).
Early weaning immediately reduces the nutrient requirements of lactating cattle
(Arthington and Minton, 2004), and is not detrimental to calf performance as research has
shown that calves in early weaning systems can have similar or improved feed efficiency
compared with calves in traditional weaning systems (Barker-Neef, et al., 2001). As the
amount of land available for pasture continues to decrease and many grains are redirected
to ventures such as biofuel production, the costs of raising cattle will continue to grow.
Yet, consumers still demand high quality beef products at an affordable price. In order for
producers to be able to produce an affordable, quality product, it is vital to identify
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selected time periods for supplementation of cows and calves that will increase gains,
efficiency, and quality while simultaneously reducing the cost of production
(Nayananjalie, et al., 2015).
The objective of the work presented herein was to determine if nutrient restriction
during late gestation affected heifer offspring’s dry matter intake, body weight gain, and
endocrine regulation at 15 months of age. In addition, this work also explores how
weaning age, days on supplement, and lipid supplementation effected growth,
metabolites, and carcass quality of young steers.
Literature Cited
Funston, R.N., D.M. Larson, and K.A. Vonnahme. 2010. Effects of maternal nutrition on
conceptus growth and offspring performance: Implications for beef cattle production. J.
Anim. Sci. 88(E Suppl): E205 – E215.
Wu G., F.W. Bazer, J.M. Wallace, and T.E. Spencer. 2006. Board-invited review:
Intrauterine growth retardation: Implications for the animal sciences. J. Anim. Sci. 84:
2316-2337.
LeMaster, C.T., R.K. Taylor, R.E. Ricks, and N.M. Long. 2017. The effects of late
gestation maternal nutrient restriction with or without protein supplementation on
endocrine regulation of newborn and postnatal beef calves. Theriogenology. 87: 74-71.
Arthington, J.D., and J.E. Minton. 2004. The effect of early calf weaning on feed intake,
growth, and postpartum interval in thin, brahman-crossbred primiparous cows.
Professional Animal Scientist. 20: 34-38.
Barker-Neef, J.M., D.D. Buskirk, J.R. Black, M.E. Doumit, and S.R. Rust. 2001.
Biological and economic performance of early-weaned angus steers. J. Anim. Sci. 79:
2762-2769.
Nayananjalie, W.A., K.L. Pike, T.R. Wiles, M.A. McCann, J.M. Scheffler, S.P. Greiner,
H.H. Schramm, D. E. Gerrard, H. Jiang, and M.D. Hanigan. 2015. Effect of early grain
feeding of beef steers on postaborptive metabolism. J. Anim. Sci. 93(5): 2439 – 2450.
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CHAPTER TWO
REVIEW OF LITERATURE

Introduction
Nutrition plays a critical role in growth and development during both gestation
and the post-weaning periods. Periods of nutrient restriction (NR) resulting from reduced
quantity/quality of forage and/or high nutrient requirements associated with period of
production such as gestation, lactation, or post-weaning can cause cows and/or calves to
have reduced growth and performance (LeMaster, et al., 2017; Micke, et al., 2015;
Sebert, et al., 2011; Zhu, et al., 2010). However, specific timing of high nutrient feeding
during the production cycle can potentially reduce production costs and improve beef
quality (Nayananjalie, et al., 2015a). Changes in maternal environment, such as nutrition,
lead to permanent alterations in offspring structure, physiology, metabolism, and
postnatal growth (Lucas, 1998; Wu, et al., 2006). Bovine dams who do not receive
adequate nutrition during their last trimester produce calves that have a reduced
birthweight (LeMaster, et al., 2017) with increased chances of metabolic and
cardiovascular diseases (Lucas, 1998). However, many adverse effects associated with
fetal programming may be overcome with a nutritional intervention during late gestation
(LeMaster, et al., 2017; Nathanielsz, et al., 2013). Weaning is thought to be the single
most traumatic event in the life of a calf because the calf is exposed to a new physical and
social environment in addition to a new food supply (Weary, et al., 2008). The postweaning period is a time point in which nutrition can manipulate the calf genome and
influence the expression of specific proteins and RNA to result in greater feed efficiency
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and marbling deposition through a process known as metabolic imprinting (Wang, et al.,
2009). Calves who are weaned younger than the traditional 180 d of age are more likely
to experience these imprinting effects. Early-weaned calves experiencing a bout of high
concentrate feeding displayed increased feed efficiency, ADG, and marbling scores
(Arnett, et al., 2009; Gorocia-Buenfil, et al., 2007; Meyer, et al., 2005; Myers, et al.,
1999; Nayananjalie, et al., 2015a; Scheffler, et al., 2014; Vendramini, et al., 2006).
Therefore, a combination of nutritional interventions during pregnancy and the postweaning period stand to improve calf performance and meet consumer demands for high
quality, nutritious beef products.
Adipogenesis
The proliferation, differentiation, and conversion of undifferentiated
mesenchymal stem cells into lipid-assimilating cells found within adipose and other
various tissue types is known as adipogenesis (Hausman, et al., 2009). Adipogenesis can
also be defined as the development of preadipocytes into adipocytes (Engin, et al., 2017;
Kirkland, et al., 2002). Preadipocytes are defined by Azain (2004) as a pool of cells that
have potential to either proliferate or differentiate into adipocytes and can be considered
an intermediary cell type originating from pluripotent stem cells (Harper and Pethick,
2004). Adipocyte differentiation is controlled by both transcriptional and posttranscriptional regulations (Graugnard, et al., 2010; Ladeira, et al., 2016). These cells can
grow through hyperplasia, the increase in the number of cells, and hypertrophy, the
increase in cell size (Cianzio, et al., 1985; Engin, 2017; Hood and Allen, 1973). Fat tends
to deposit in areas with loose connective tissue such as the subcutaneous and
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intramuscular depots, but also develops around the heart, kidneys, and organs (Rosen, et
al, 2000). The filling of adipocytes with lipid during lipogenesis causes young hexagonal
cells to morph into more mature spherical cells (Cianzio, et al., 1985). It has been
suggested that hypertrophy is the principal cause of increased adipose tissue mass during
growth of cattle (Cianzaio, et al., 1985; Hood and Allen, 1973). Both brown and white
adipocytes are produced through adipogenesis. Brown adipocytes are primarily
responsible for heat generation during development and early in life, but plays a minor
role in mature animals (Wang, et al., 2008). Therefore, mention of adipocytes herein
refers to white adipocytes.
Adipogenesis occurs in two stages: 1) commitment of mesenchymal stem cells to
preadipocytes, and 2) terminal differentiation of preadipocytes into lipid accumulating
adipocytes (Engin, 2017). The mechanism influencing the transformation of a
mesenchymal stem cell into a preadipocyte is poorly understood, but is thought to be
directed by factors such as wingless/int, bone morphogenetic proteins, fibroblast growth
factors, and Delta-like homolog (Ladeira, et al., 2016). Before differentiation,
preadipocytes undergo proliferation via mitosis until cell-to-cell contact causes a
cessation of proliferation (Harper and Pethick, 2004). Before an adipocyte becomes fully
differentiated, it must undergo several cycles of growth and arrest (Harper and Pethick,
2004; Kirkland, et al., 2002; Ladeira, et al., 2016). In muscle tissue, stem cells and
satellite cells both have the potential to differentiate and contribute to marbling
(Hocquette, et al., 2010). Terminal differentiation of preadipocytes is primarily
influenced by transcription factors CCAAT/enhancer binding protein (C/EBP) and
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peroxisome proliferated-activated receptor γ (PPARγ) which also plays a major role in
reinitiating growth following arrest (Engin, 2017; Harper and Pethick, 2004; Rosen, et
al., 2000). Once a cell begins the process of differentiation it can no longer divided and
growth becomes focused on deposition of intracellular fat globules (Harper and Pethick,
2004). However, during lipolysis, fat cells can dedifferentiate back into a preadipocyte
capable of undergoing mitosis once again (Kirkland, et al., 2002). Late in differentiation,
adipocytes also become respondent to insulin because of an increase in insulin receptor
numbers and glucose transporters (Ladeira, et al., 2016).
There are two protein isoforms of PPARγ: PPARγ1 is found at low levels in
adipose tissue whereas PPARγ2 is the primary form found in adipose (Janani and
Kumari, 2014). In addition to its role in adipocyte differentiation, PPARγ has also been
shown to influence the expression of Acyl CoA oxidase, acid binding protein (aP2),
leptin, and PEPCK (Rosen, et al., 2000). Using DNA microarray and quantitative reverse
transcription- PCR, Wang and others (2009) showed peaks of C/EBPβ during early
growth, whereas PPARγ peaked during finishing in steers with high genetic propensity
for marbling. This suggests that C/EBPβ may be responsible for the activation of PPARγ.
Using chimeric mice, adipose tissue preferentially derives from wild-type cells compared
to generated cells that were null (-/-) for PPARγ; indicating that this gene is necessary for
the development of adipocytes (Rosen, et al., 1999).
Lipogenesis is the process of endogenous fatty acid synthesis (Laderia, et al.,
2016). Excess energy in the form of triacylglycerols is stored in adipocytes through
lipogenesis (Azain, 2004; Engin, 2017; Lafontan, 2008; Wang, et al., 2008). In order for
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this to occur, triglycerides from the diet as well as those synthesized by the liver (in nonruminants) are transported to adipose tissue as lipoprotein particles (Wang, et al, 2008).
Adipose tissue is the primary site of lipogenesis in ruminants with hepatic lipogenesis
account for ~1% of the adipose rate (Ingle, et al., 1972). After being hydrolyzed by
lipoprotein lipase, into glycerol and 3 fatty acids, fatty acids can then be taken into the
cell for storage.
Smith and Crouse (1984) showed that glucose is the primary substrate for fatty
acid synthesis in intramuscular adipose tissue whereas subcutaneous adipose tissue
preferentially uses acetate. Because lipogenesis occurs primarily in adipocytes of
ruminants, the rate at which these substrates are available control the rate at which fat is
deposited. Excess accumulation of lipids will lead to an increase in fat mass known as
obesity (Azain, 2004; Engrin, 2017). When there is an energy deficiency, triglycerides
are broken down into non-esterified fatty acids and glycerol in a process known as
lipolysis (Azain, 2004; Lafontan, 2008). These non-esterified fatty acids are then released
into the bloodstream for use as an energy source. Adipocytes are also able to secrete
hormones such as leptin, insulin-like growth factor 1, and tumor necrosis factor-α (Wang,
et al., 2008). The production of these hormones allows adipose tissue to play a role in
feedback mechanisms regulating energy and metabolism (Lafontan, 2008; Wang, et al.,
2008).
Marbling
Intramuscular fat (IMF), also known as marbling, can be defined as fat deposited
within skeletal muscle (Hocquette, et al., 2010; Hood and Allen, 1973) excluding fat that
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connects with the subcutaneous depot (Harper and Pethick, 2004). Increasing marbling is
one of the most popular ways to increase carcass quality and value (Gorocia-Buenfil, et
al., 2007; Harper and Pethick, 2004; Hocquette, et al., 2010) as it is highly associated
with increased palatability, juiciness, and tenderness of a meat product (Hocquette, et al.,
2010; Jost, et al., 1983). Mature intramuscular adipocytes are roughly spherical with
diameters of 40 -90 µm (Harper and Pethick, 2004), and tend to be smaller, on average,
than adipocytes from other fat depots (Cianzio, et al., 1985). Intramuscular adipocytes
typically display rates of FA biosynthesis that are 5-10% of those observed in SQ
adipocytes (Hood and Allen 1978; Smith and Crouse 1984). The goal of beef production
currently is to increase the amount of marbling in a carcass without increasing SQ or
kidney, pelvic, heart (KPH) adipose tissue mass, thereby increasing the quality of the
carcass and reducing numeric yield grade. An animal’s ability to produce a carcass high
in marbling content can be the product of a variety of genetic and environmental factors
such as age, vitamin A status, gender, and nutrition (Harper and Pethick, 2004;
Hocquette, et al., 2010; Ladeira, et al., 2016; Wang, et al., 2009). Marbling within the
longissimus dorsi can be evaluated in a live animal via ultrasound or visually in the
carcass (Harper and Pethick, 2004). Within muscle, marbling islands can be visualized
once they contain 10-15 cells (Harper and Pethick, 2004). Sharman and others (2013)
showed similar values between ultrasound and carcass measurements of loin muscle area,
but the ultrasound measurements for 12th rib fat thickness were markedly greater than
those seen in carcass of beef steers. Many studies use ultrasound estimations of 12th rib
fat thickness to determine fat accumulation throughout the study and/or as an endpoint
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(Arnett, et al., 2009; Arthington, et al., 2005; Mangrum, et al., 2016; Scheffler, et al.,
2014; Schoonmaker, et al., 2002).
Fermentation of starch in the rumen results in increased circulating plasma
glucose supplied to the animal by shifting the rumen microbe population towards
propionate production and away from acetate production (Schoonmaker, et al., 2003).
Because glucose is the primary substrate for fatty acid synthesis in the intramuscular
depot (Smith and Crouse, 1984) it has been suggested that increasing starch content of
ruminant diets may enhance marbling development. However, studies evaluating the
effect of starch/energy on marbling deposition have produced varied results. Increasing
amounts of corn in rations prior to finishing increased the amount of both IMF and SQ fat
in steer carcasses (Vasconcelos, et al., 2009). While the increase in IMF is desirable due
to consumer preferences, the simultaneous increase in SQ fat could negatively affect
carcass quality and pricing. Energy supplementation in the form of corn, dried distiller’s
grains, or soybean hull/soybean meal did not affect marbling scores in steers
supplemented 5 d/wk for 121 while grazing winter forage followed by a 113 d finishing
phase (Sharman, et al., 2013). Increasing the amount of fiber by inclusion of wet
distillers grain plus solubles decreased marbling scores in steers (Luebbe, et al., 2012).
As animals age, they begin to deposit more fat in relation to muscle (Blumer,
1963; Cianzio, et al., 1985). Energy and protein requirements for growth lessen as animal
age, allowing for more energy reserves to be deposited as adipose tissue in the brisket and
intramuscular depots (Hood and Allen, 1973; Cianzio, et al, 1985). A quadratic increase
in carcass fat was noted as days on feed increased in steers fed a 90% concentrate diet
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(Bruns, et al., 2004). Intramuscular adipocyte growth is a biphasic process wherein
hyperplasia (an increase in the number of cells) traditionally occurs during growing
stages and hypertrophy (an increase in the size of the cells) occurs during the finishing
stages (Cianzaio, et al., 1985). Rate of IMF synthesis is also negatively related to rate of
muscle synthesis in manner that animals with high muscularity typically have low IMF
(Hocquette, et al., 2010). For example, cattle with reduced or eliminated myostatin
protein activity have reduced IMF development compared to other breeds (Hocquett, et
al., 2010; Shanin and Berg, 1985).
When assigning USDA quality grades, inspectors evaluate the amount of IMF
within the Longissiumus muscle between the 12th and 13th ribs of beef carcasses. These
scores range from practically devoid to abundant, with each degree being divided into
100 subunits that are assigned in tenths (i.e. Moderate30; Hale, et al., 2013). Producers
can be given premiums or deductions based on the quality grade that their carcasses fall
into because consumers are willing to pay more for guaranteed quality of beef
(Hocquette, et al, 2010; Laderia, et al., 2016). The typical goal of producers is to produce
carcasses that fall into the “Choice” category. However, it is important to note that
carcasses are also given a yield grade. Yield grades are assigned on a scale from 1 to 5
and are an analysis of the amount of closely trimmed retail product available from the
carcass after removal of excessive fat from depots such as SQ and KPH (Hale, et al.,
2013). Therefore, exceptionally lean animals with minimal adipose tissue are scored a 1
whereas obese, animals with excessive fat would be given a 5. The analysis of a carcass’s
yield and quality grade both are evaluated on most grids for final pricing. Thus, the
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challenge for the meat industry is to encourage increases in marbling while minimizing
excessive subcutaneous and KPH fat (Arnett, et al., 2009; Smith and Crouse, 1984).
Marbling is less visible in carcasses of pork, poultry, or fish carcasses due to lightness of
color and relatively small abundance (Hocquette, et al., 2010). The expression of IMF in
cattle carcasses is also emphasized by the intensive feeding of high-energy diets, genetic
selection, and inacitivity associated with the feed lot (Harper and Pethick, 2004).
While it has been shown that IMF is a later maturing adipose depot (Cianzio, et
al., 1985; Hood and Allen 1973), there is evidence that suggests bouts of high concentrate
feeding early in life can alter energy substrates differently, resulting in a greater
deposition of fat in the IMF depot (Nayananjalie, et al., 2015b). Pethick and others (2004)
showed that an increase in energy during the finishing phase was the most effective
feeding method for the accumulation of IMF. Studies have also shown that steers
consuming diets that do not meet vitamin A requirements have increased marbling scores
(Arnett, et al., 2009; Gorocica-Buenfil, et al., 2007). Wang and others (2009) indicates
that differences in gene expression associated with the onset of marbling can be identified
as early as 7 mo of age. This indicates that the mechanisms controlling marbling
deposition are active much earlier than the presence of marbling can be noted. Since the
majority of cattle in the US are weaned at this approximate age it stands to reason that
early-weaning cattle in combination with a high level of nutrition could alter gene
expression associated with marbling.
Early Weaning
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Early weaning, defined as removal of a calf from its dam at less than 180 d of age
(Rasby, 2007), has been shown to be an economical practice benefitting both the dam and
calf particularly in situations where nutrients are limited (i.e. drought) or during time
periods when the nutritional needs of an animal are substantially increased such as
lactation. The high nutrient requirements of a lactating cow can be drastically reduced by
removal her calf, making it easier to maintain or gain BCS for more efficient
reproduction (Arthington and Minton, 2004). Furthermore, in calves, this production
practice is associated with increased feed efficiency (Peterson et al., 1987) as well as
improved carcass quality through the increase of intramuscular fat (Gorcica- Buenfil, et
al., 2007; Meyer, et al., 2005).
The primary goal of a cow-calf operation is for each cow to produce a marketable
calf every year. After 280 ± 6 days of gestation there are only approximately 80 days left
for a cow to return to estrus and rebreed in order to maintain yearly calving. Therefore, it
is critical to adopt management practices that reduce the time for return to estrus and
result in acceptable pregnancy rates. Weaning before or at the start of the breeding season
is associated with a shorter postpartum interval, time between calving and return to
estrus, than weaning at 6-9 months of age (Arthington and Kalmbacher, 2003; Arthington
and Minton, 2004; Galindo-Gonzalez, 2007; Lusby, et al., 1981).
While there are many components that prevent a successful breeding season,
there are two key factors involved in postpartum infertility in beef cattle: suckling stimuli
and nutrition as reviewed by Short et al. (1990). The practice of early weaning removes
the suckling stimulus and almost immediately reduces the nutrient intake of the dam
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sooner than in a traditional weaning system (Arthington and Minton, 2004; Peterson, et
al., 1987). Normally weaned cows and calves consumed 59% more total digestible
nutrients and had 58% increase in dry matter intake compared to early weaned cows
alone (Arthington and Minton, 2004). When combining the reduced nutrient requirements
of the cow with improved efficiency of the calf that are commonly associated with early
weaning, Peterson and others (1987) found that early weaned cow-calf pairs consumed
20.4% less total digestible nutrients and were 43% more effective at turning those
nutrients into pounds of calf than normal weaned pairs.
Early weaning may be particularly advantageous for heifers or cows that have
difficulty maintaining body condition during lactation as the practice has been shown to
improve body condition score and increase body weight (Arthington and Kalmbacher,
2003; Arthington and Minton, 2004; Galindo-Gonzalez et al., 2007; Lusby et al., 1981;
Peterson et al., 1987) in both primiparous and multiparous cows. Improved pregnancy
rates were noted in cows maintaining a body condition score of 5 and cows improving
their body condition compared with lower or decreasing body condition (Selk, et al.,
1988). Primiparous cows in early weaning systems also showed improved pregnancy
rates following calf removal when compared to those in traditional weaning systems
(Arthington and Kalmbacher, 2003; Lusby et al., 1981).
Benefits to the dam are only applicable if the calf can be raised in an economical
fashion (Arthington, et al., 2005; Rasby, 2007; Lusby, et al., 1981). Studies have shown
that calves in early weaning systems have comparable if not greater ADG and feed
efficiency compared to calves in traditional weaning systems (Meteer, et al., 2013;
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Moriel, et al., 2014; Myers, et al., 1999; Scheffler, et al., 2014). The increased ADG of
early-weaned calves also results in calves that have increased BW compared to
traditionally-weaned calves at the time of traditional weaning (Barker-Neef, et al., 2001;
Meyer, et al., 2005; Moriel, et al., 2014). Furthermore, early-weaned calves have also
been shown to produce a carcass with a USDA carcass quality grade similar to or better
than calves in traditional weaning systems (Fluharty et al., 2000; Meyer, et al., 2005;
Schoonmaker, et al., 2002). These advantages increase the marketing opportunities
available to producers who choose to early-wean.
Growth and performance of early-weaned calves is highly dependent on
management immediately post-weaning. Many studies have evaluated various
management practices in order to determine early-weaning practices that will produce a
product similar of that to their traditionally weaned counterparts. Vendramini and others
(2006) showed that a linear increase in ADG and live weight of early weaned steers as
concentrate levels in the diet were increased. Calves in early weaning systems that are
fed high-concentrate diets have increased ADG compared to early weaned calves raised
in pasture based systems (Myers, et al., 1999; Moriel, et al., 2014). Moriel and others
(2014) found that Brahman-influenced steers who were early-weaned at 95 ± 14 days of
age and fed high-concentrate grain until the time of normal weaning had increased BW
compared to traditionally weaned steers at the time of traditional weaning as well as
steers who were grazed on annual ryegrass for 90 d followed by grazing bahiagrass. Early
weaned steers placed on pasture for 215 d prior to normal weaning were lighter than their
normal weaned counter parts (Arthington, et al., 2005). These findings indicate that
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traditional forage based systems may not be sufficient to provide the high levels of
nutrition necessary for efficiently rearing early weaned calves.
The increased cost associated with high-concentrate feeding could dissuade
producers from adopting early-weaning practices (Moriel, et al., 2014; Scheffler et al,
2014). Therefore, research has been conducted implementing a grazing period following
a shorter time of high concentrate feeding. Feeding steers either a high-concentrate grain
or annual ryegrass for only 90 d followed by grazing bahiagrass pastures resulted in
animals with a similar or greater growth performances when compared to normally
weaned steers (Moriel, et al., 2014). Early weaned steers fed concentrate for 100 d
followed by a 156 d grazing period entered the feedlot at a heavier weight than steers
traditionally weaned and placed on pasture (Scheffler, et al., 2014). Supplementation in
addition to pasture grazing leads to substitution of forage with energy concentrates,
allowing for greater stocking rates and increased live weight gain (Vendramini, et al.,
2006).
The increased ADG during growing stages results in early-weaned calves entering
the finishing phase at heavier weights than traditionally weaned calves (Arnett, et al.,
2009; Meyer, et al., 2005; Myers, et al., 1999; Scheffler, et al., 2014;). Traditionally
weaned calves have shown increased DMI during the finishing stage when compared to
early-weaned calves despite a longer finishing period (Meyer, et al., 2005). Schoonmaker
and colleagues (2002) showed that early weaned bulls and steers have a decreased daily
DMI when compared to traditionally weaned bulls and steers. When calves are fed to a
common BF thickness or a common BW, early-weaned cattle have an increased number
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of days on feed, but also produce heavier carcasses with increased amounts of IMF
(Scheffler, et al, 2014; Meyer, et al., 2005).
Schoonmaker and others (2003) reported no differences in marbling scores when
steers were fed for the same number of days despite post-weaning diet differences.
Similarly, regardless of post-weaning management, Moriel and others (2014) showed that
steers fed to a common BF thickness produced carcasses with similar marbling scores as
traditionally weaned steers. However, Meyer and others (2005) showed that early-weaned
steers fed to a common BW had increased marbling scores compared to traditionally
weaned steers regardless of whether or not steers had received a growth promoting
implant. Furthermore, 57% of the same early weaned steer carcasses graded USDA
Choice or greater compared to only 37% of traditionally weaned steer carcasses (Meyer,
et al., 2005). Early-weaned steers fed a diet deficient in vitamin A produce a carcass with
increased marbling compared to those supplemented with vitamin A (Gorcica- Buenfil, et
al., 2007). It has also been shown that early weaned steers fed a lipid supplement
protected by calcium salts have increased marbling scores compared to those fed a
control diet (Mangrum, et al., 2016).
Fat Supplementation
Dietary fat contributes to the production of volatile fatty acids, diet digestibility,
and supply of fatty acids to the animal (Hess, et al., 2008). Typical fat supplements in
livestock diets include sunflower seed, vegetable oils, soybean oil, canola, and vegetable
oil (Corl, et al., 2001). Soybeans containing 23.1% crude fat have also been used as an
energy supplement (Long, et al., 2008). Fatty acids are stored as triglycerides in mature
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adipocytes (Wang, et al, 2008) and yield more energy than other organic nutrients when
metabolized by the animal (Hess, et al., 2008). Fats play a variety of roles including
modifying the expression of genes associated with adipose development (Azain, 2004;
Jenkins, 1994), increasing reproductive efficiency (Long, et al., 2007), and providing
energy (Azain, 2004; Hess, et al., 2008; Jenkins, 1994). Long chain, saturated, and
polyunsaturated fatty acids (PUFA) have been shown to increase transcription factors
such as C/EBP and PPARγ in early adipocyte differentiation (Azain, 2004). Fatty acids
also influence fat tissue firmness, shelf life, and flavor of meat products (Wood et al.,
2008; Wood and Enser, 1997). There are two fatty acids that are considered essential,
meaning that the body cannot produce them at levels high enough to meet requirements
and therefore must be supplemented in the diet: linoleic acid and α-linolenic acid.
Conjugated linoleic acid (CLA) has been shown to possess anticarcinogenic and
antidiabetic properties (Houseknecht, et al., 1998; Mcguire and McGuire, 2000;
Williams, 2000).
Fatty acids can be grouped into two categories: saturated (SFA) and unsaturated
(USFA). Saturated fatty acids contain only single carbon to carbon bonds whereas
unsaturated fatty acids contain at least one carbon to carbon double bond. Unsaturated
fatty acids containing more than one carbon to carbon double bond are known as
polyunsaturated fatty acids (PUFA). Red meat is a significant source of fatty acids in the
United States due to the low rate of fish consumption (Scollan, et al., 2001). Beef and
lamb naturally contains many fewer USFA than other species such as swine and poultry
(French, et al., 2000; Wood, et al., 2008; Wood and Enser, 1997). An increase in
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saturated fatty acids consumption has been linked to cardiovascular disease in humans
(Azain, 2004). Because of these negative effects associated with saturated fat intake
typically found in animal products there is now public demand for reduction of total
carcass fat and increasing the content of USFA in hopes of meeting consumer demands
for a high-quality, nutritious beef product (Azain, 2004; Hocquette, et al., 2010; Scollan,
et al., 2001; Wood, et al., 2008). The World Health Organization (2015) recommends that
total fat should contribute less than 30% of total energy intake. The World Health
Organization also recommends that saturated fats and trans fats account for less than 10%
and 1%, respectively, of the total energy intake, and replacing both with unsaturated fats.
It is also recommended that the ratio of omega-6/omega-3 fatty acids not exceed 5:1
(Kouba and Mourot, 2010).
While there are numerous health benefits to incorporating more USFA into the
human diet there are also potential drawbacks. It has been shown that fats high in PUFA
content are more susceptible to oxidative damage (Kouba and Mourot, 2010; Wood and
Enser, 1997) and reduced shelf life (Wood and Enser, 1997). The reduced melting point
of USFA (Legako, et al., 2014) and products that have high concentrations of omega-3
fatty acids result in fats that are soft and oily which weakens consumer appeal (Azain,
2004; Wood and Enser, 1997). Meats high in USFA also produce volatile off-flavors and
odors during cooking or storage (Legako, et al., 2014; Wood and Enser, 1997).
Supplementation of vitamin E has been shown to slow oxidation and increase shelf-life
(Wood and Enser, 1997). Inclusion of lipid in the diet of ruminants at levels greater than
2 - 4% has the potential to reduce fiber digestibility in ruminants (Jenkins, 1994).
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Shingfield and others (2011) showed that inclusion of fish oil, linseed oil, or a
combination thereof at 3% of diet DM had no effects on DMI or whole-tract digestibility
of DM, OM, NDF, or starch in steers.
One USFA that has been shown to have numerous health benefits is CLA.
Conjugated linoleic acid refers to the positional and geometric isomers of linoleic acid
(18:2; Moraes, et al., 2012; Cordero, et al., 2010; Jiang, et al., 2014). Conjugated linoleic
acid is a product of the ruminal biohydrogenation of linoleic acid and is therefore found
primarily in beef and dairy products (Corl, et al., 2001; McGuire and McGuire, 2000).
The two double bonds separated by a single bond of CLA can be found in both the cis
and trans configuration (McGuire and McGuire, 2000). The primary form found in
ruminant products is the cis-9, trans-11 CLA, also called rumenic acid. Vaccenic acid,
also produced in the rumen, can be converted to rumenic acid by Δ9-desaturase (Griinari,
et al., 2000). When Δ9-desaturase is inhibited by sterculic acid there is a 60-65%
reduction in CLA content of milk fat (Corl, et al., 2001). α-linoleic acid is also the
precursor for eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA; Jenkins,
1993;Wood and Enser, 1997). This fatty acid has been shown to have a variety of
livestock and human health properties. Conjugated linoleic acid is thought to have
antioxidant properties (McGuire and McGuire, 2000). It has been suggested that
inclusion of CLA in diets can alter body composition without impairing growth
performance. Inclusion of CLA at levels of 1 and 2% of the diet fed to gilts was found to
increase IMF, but had no effect on BW gain (Cordero, et al, 2010). Similarly, increasing
CLA supplementation reduced body fat in male AKR/J mice (West, et al., 1998).
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There is interest in using fat supplementation to alter the fatty acid profile of meat
products as consumers become more concerned with health issues associated with
saturated fat intake (Azain, 2004; Hess, et al., 2008; Wood and Enser, 1997). In nonruminants, animals with increased amounts of USFA are considered value-added
products and are able to be sold for a premium (Azain, 2004). Fatty acid levels in the
tissues of non-ruminants generally reflects the fatty acid profile provided by the diet as
they are absorbed in an unaltered form from the small intestine and incorporated into
lipid tissue (Azain, 2004; Kouba and Mourot, 2010; Wood and Enser, 1997). This makes
manipulating the fatty acid profile of non-ruminants to include increased amounts of
USFA in non-ruminants relatively simple. An increase of CLA content in a swine diet
lead to an increase in PUFA concentrations found in SQ back fat (Cordero, et al., 2010).
Averrette-Gatlin and others (2002) show a linear increase between dietary linoleic intake
and percentage of 18:2 in pig carcasses. Increasing dried distillers grains with solubles in
poultry diets increases PUFA concentrations in thigh meat (Jiang, et al., 2014; Schilling,
et al., 2010). The CLA profile in Zucker rats closely resembled the CLA composition of
two different fats fed (Martins, et al., 2011).
Concentrates fed to cattle are high in linoleic acids whereas forages are high in αlinolenic acids. Despite high levels of linoleic acid in ruminant finishing diets provided
by cereal grains, only 10% of 18:2 n-6 is able to be incorporated into adipose tissue
(Wood, et al., 2008). Biohydrogenation and ruminal lipolysis as well as limited fats in
ruminant diets limit absorption of USFA by the small intestine in ruminant animals
(Jenkins, 1993; Wood, et al., 2008; Wood and Enser, 1997; Hess, et al., 2008; Scollan, et
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al., 2014). In fact, 60% of duodenal lipid content in ruminants is dietary lipid that has
become saturated due to rumen biohydrogenation (Jenkins, 1994). Dietary fats consumed
by ruminants are first exposed to the rumen microbial population which greatly transform
fatty acids before they can be absorbed by the small intestine and incorporated into
animal products (Hess, et al., 2008; Scollan, et al., 2014; Jenkins, 1994). Ruminal losses
of fatty acids can be contributed to lipid metabolism by ruminal endothelial cells
(Jenkins, 1993). However, there is little loss of caloric value of dietary fat as it passes
through the rumen as 87% of fatty acids consumed are recovered in the duodenum
(Jenkins, 1994). In addition, unsaturated fatty acids have potent antimicrobial effects
which inhibit ruminal fermentation more so than saturated fatty acids (Jenkins, 1993).
Lipids can be protected by intact chloroplasts in grasses and seed coats in grains in order
to increase the availability of USFA (Wood and Enser, 1997). Inclusion of fish oil,
linseed oil, or a combination of the two increase the flow of fatty acids and specific
intermediates in the duodenum, but the ability of these diets to increase PUFA levels at
the duodenum was limited due to rumen biohydrogenation (Shingfield, et al., 2010;
Shingfield, et al., 2011). French and others (2000) showed that decreasing concentrate
and thus increasing forage intake in cattle for 85 d prior to harvest linearly decreased the
concentration of SFA in IM tissue and linearly increased the PUFA: SFA ratio despite the
forage and concentrate having a similar fatty acid profile. Supplementation of sunflower
seed oil increase PUFA proportions, omega-6 proportions, and CLA proportions in the
longissimus thoracis of steers compared to those supplemented with flaxseed oil
(Mapiye, et al., 2013). Fat supplementation has been shown to alter rumen production of
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volatile fatty acids. Supplementation of fish oil at 3% of DM increased rumen production
of propionate at the expense of acetate whereas supplementation with equal amounts of
linseed oil had no effects on rumen fermentation patterns (Shingfield, et al., 2011).
Calcium salts can be used to protect lipids in the diet in order to increase USFA
absorption in the small intestine of ruminants (Jenkins, 1993; Mangrum, et al., 2016;
Wood and Enser, 1997). Rumen protected fatty acids decrease the amount of free fatty
acids available for rumen biohydrogenation when compared to non-protected fatty acids
(Jenkins, 1993). Responses in DMI and serum/plasma fatty acids seem to be variable
when protected fat sources are supplemented to cattle. Staples and others (1998) show
that protection of a supplemental fat source with calcium salts negates the negative
effects on DMI that are associated with traditional fat supplementation. However,
incorporation of PUFA into ruminant diets through a protected supplement has been
shown to reduce immune response in cattle entering the feedlot, but also reduced DMI
and ADG during finishing. (Araujo, et al., 2010). Rumen protected PUFA
supplementation reduced voluntary forage intake in cows compared to those that were
supplemented with rumen protected SFA or no fats, but did not affect ruminal in situ
forage degradability (Cooke, et al., 2011). Cooke and others (2011) also showed that
steers fed a rumen protected PUFA source had increased plasma PUFA concentrations.
Early gestation heifers and lactating cows supplemented with a protected fat source
showed total and specific fatty acids were increased after 3 wk of supplementation (Cook,
et al., 2017). However, the frequency at which these animal were supplemented
equivalent amounts of protected fat (3, 5, or 7 d a week) showed minor to no changes in
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serum fatty acid profiles (Cook, et al., 2017). Steers supplemented with fish oil rich in
EPA and DHA protected by calcium salts showed increased insulin sensitivity compared
with those consuming a supplement with greater concentrations of SFA (Cartiff, et al.,
2013). Long and others (2014) showed that supplementing protected USFA can increase
serum leptin levels more than an isocaloric amount of SFA in beef heifers.
Fetal Programming
Alterations in maternal nutritional or endocrine status can have permanent effects
on offspring growth, structure, and metabolism (Ross and Desai, 2014; Wu, et al., 2006).
Events during critical points of development are thought to “program” long-term
structure or function of an organism (Lucas, 1998). Lucas (1998) describes two ways in
which programming events during development might influence long-term outcomes: 1)
induction, deletion, or impaired development of somatic structure resulting from a
stimulus or insult during a critical period or 2) physiological “setting” by an early
stimulus or insult at a critical period, with long-term consequences for function. Early
and late gestation fetal programming events produce similar consequences, but occur
through different mechanisms (Ford and Long, 2012; Wu, et al., 2006; Hales and Barker,
2001). A vast majority of fetal development, define as the increase in the number of cells,
occurs during the first trimester of pregnancy (Wu, et al., 2006); whereas the majority of
fetal growth, the increase in cell size, occurs during the last two months of pregnancy
(Holland and Odde, 1992; Robinson, et al., 1977). Fetal programming caused by
nutritional challenges (nutrient restriction [NR] or obesity) during critical time points of
gestation has been shown to result in offspring that experience symptoms such as insulin
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resistance, hypertension, and cardiac disease (Lucas, 1998; Nathanielsz, et al., 2013; Wu,
et al., 2006). Offspring born to dams experiencing nutritional stressors often experience
impaired growth during development, commonly referred to intrauterine growth
restriction (IUGR; Ford and Long, 2012; Wu, et al., 2006), but later experience catch-up
growth (Hales and Barker, 2001). Despite obtaining a comparable size during
adolescence, offspring that are subjected to IUGR still experience symptoms of metabolic
syndrome throughout their lifetime (Hales and Barker, 2001).
Intrauterine growth restriction is the restricted growth of a fetus or its organs in
utero. This phenomenon is usually detected by decreased birth weight, but it can also be
detected by decreased fetal and organ weights at various points throughout gestation
(Bubb, et al., 2007; Long, et al., 2009; Rozance, et al., 2011). Crown-rump length
measured via ultrasound is also used as an indicator for IUGR during the first trimester
because it is highly correlated to birth weight (Micke, et al., 2015). Intrauterine growth
restriction can be the result of drought, twinning, overstocking, or breeding heifers before
reaching the appropriate BW (Wu, et al., 2006). The Thrifty Phenotype Hypothesis
suggests that offspring experiencing growth restriction in utero exhibit catch-up growth
during adolescence (Hales and Barker, 2001). Animals who experience this type of
growth often experience metabolic syndrome later in life (Ford and Long; 2012; Hales
and Barker, 2001). Ford and Long (2012) suggest that this a result of the fetus
partitioning the limited available nutrients towards the development of essential organs
such as the brain and away from less important organs such as the pancreas. Features of
metabolic syndrome include: insulin resistance, impaired glucose regulations,
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dyslipidemia, hypertension, central obesity, and microalbuminuria (World Health
Organization, 1999). Rapid growth early in life is often characterized by early maturing
animals with increased SQ fat deposition (Sebert, et al, 2011; Greenwood, et al., 1998;
Greenwood and Cafe, 2007). Heifers that were lighter at birth and 205 d of age that
experienced catch-up growth post-weaning were of similar weight by entrance into a
feedlot at 15 mo of age and experienced symptoms of insulin resistance (Tipton, et al.,
2018). Rat pups born to dams experiencing NR during late gestation showed decreased
birthweight, but by 26 d of age differences in BW had disappeared (Tungalagsvud, et al.,
2016). Sebert and others (2011) showed that lambs born to late gestation NR dams were
born lighter, but at 17 mo of age were of similar weight to lambs born to control dams
and were insulin resistant.
The arcuate nucleus (ARC) within the hypothalamus is considered the appetite
regulatory center of the brain and contains two populations of neurons which regulate
appetite; appetite stimulating neurons neuropeptide Y (NPY) and agouti-related protein
(AgRP) and those that decrease appetite proopiomelanocortin (POMC) and cocaine- and
methampethamine- regulated transcript (CART; Ross and Desai, 2014). The
periventricular nucleus contains melanocortin-3 and -4 receptors where alphamelanocyte-stimulating hormone released by POMC neurons and AgRP competitively
bind as well as NPY-1 receptors which are primarily responsible for increases in food
intake (Ross and Desai, 2014). Mice deficient in NPY experienced reduced feed intake
compared to wild-type controls demonstrating NPY’s role as an appetite stimulant
(Lizarbe, et al., 2015). Six mo old female rat pups that had not been allowed access to
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food for 24 or 48 h showed drastically increased NPY mRNA and decreased serum leptin
levels compared to those that had been fed (Tungalagsvud, et al., 2015). In the same
study pups whose dams had experienced NR during late gestation and were then fed to
meet requirements following birth had decreased mRNA expression of POMC after being
removed from feed for 48 h compared to those that had been fed.
Furthermore, ARC neurons also respond to endocrine signals such as leptin which
works by inhibiting NPY/AgRP neurons and therefore depressing appetite (Plagemann
2006; Ross and Desai, 2014; Schwartz, 2000). Leptin knockout mice experienced
increased food and water intake, increased weight gain, and decreased locomotion
compared to wild-type controls demonstrating leptin’s role as a satiety hormone (Lizarbe,
et al., 2015). Increases in leptin concentrations of lambs born to NR dams was associated
with decreases in DMI (Sebert, et al., 2011). However, leptin resistance is seen in lambs
(Long,et al., 2010), rodents (Wang, et al., 2015), humans (Considine, et al., 1996), and
calves (Tipton, et al., 2018; Nkrumah, et al., 2007) that are born to dams experiencing
nutritional stressors. The mechanism behind leptin resistance is poorly studied. Rat pups
born to dams experiencing NR during late gestation showed significantly decreased
mRNA expression of obese gene receptors compared to those born to dams receiving
proper nutrition when removed from feed for 24 and 48 h (Tungalagsuvd, et al., 2016).
Another study in obese mice showed mutated leptin receptors (Sun, et al., 2016). Caro
and others (1996) suggest the inability of endothelial cells to transport leptin across the
blood-brain barrier as evidenced by decreased leptin levels in cerebrospinal fluid. Further
studies are need to determine the exact mechanism by which resistance occurs.

26

Leptin is a hormone produced by white adipose tissue that has also been shown to
be responsible for programming the appetite center. This hormone is coded for by
mutations in the obese gene and binds to the obese gene receptor located in the
hypothalamus (Zhang, et al., 1994). Traditionally, animals exhibit a leptin surge
immediately postnatal that programs the appetite center (Yura, et al., 2005). In lambs, this
postnatal surge occurs between d 5 and 9 postnatally (Long, et al., 2011). However, Long
and Schaeffer (2013) described the leptin surge profile in beef calves as increasing until 2
d of age followed by a plateau that does not decrease until approximately 16 d of age.
Alterations in maternal nutrition have been shown to reduce or even eliminate this
postnatal surge of leptin. Lambs born to dams fed 150% of NRC requirements from 60 d
prior to conception to parturition lacked a postnatal leptin surge (Long, et al., 2011).
Calves born to dams experiencing NR during late gestation showed decreased plasma
leptin levels from birth through 20 d of age (LeMaster, et al., 2017). Glucocorticoid
administration in ewes during late gestation also eliminates the leptin surge in F2 female
offspring whose dams did not receive an injection (Long, et al., 2013). The alteration in
the leptin surge profile persists in offspring into F2 generations regardless of further
maternal nutrition during gestation (Ford and Long, 2012; Long, et al., 2013; Shasa, et
al., 2015).
Both maternal obesity as well as maternal NR show similar changes in insulin
secretion/sensitivity and appetite signaling (Ford and Long, 2012). Maternal malnutrition
predisposes offspring toward increased appetite resulting in an increased ratio of
appetite/satiety gene expression (Ross and Desai, 2014). It has been shown that offspring
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born to dams experiencing nutritional stressors often exhibit altered insulin signaling
through altered pancreatic β-cell mass and leads to insulin resistance (Desai, et al., 2007;
Hales and Barker, 2001). It has been suggested that compensatory growth following
IUGR leads to excessive pressure on the limited pool β-cells causing them to eventually
lose function trying to maintain glucose levels (Hales and Barker, 2001). Maternal NR
has been shown to reduce fetal/offpsring pancreas weights in many species (Desai, et al.,
2007; Osgerby, et al., 2002; Snoeck, et al., 1990; Washburn, et al., 2016). There was an
increase in β – cell apoptosis, noted by an in the percentage of TUNEL positive β – cells,
in bovine fetuses whose dams experienced NR during early or mid – gestation
(Washburn, et al., 2016). Lambs born to dams experiencing NR during late gestation
displayed insulin resistance as adults (Sebert, et al., 2011). Similarly, in the obese
maternal model, Ford and others (2009) show that offspring have increased pancreatic
weight and increased β-cell numbers accompanied by increased pancreatic and fetal
plasma insulin concentrations at 75 d of gestational age. However, Zhang and others
(2011) show a decrease in fetal pancreatic weight and increased β-cell apoptosis at d 135
of gestation. Hales and Barker (2001) and Ford and Long (2012) propose that fetal
programming prepares a fetus for an environment where nutrition is similar to that
experienced by the dam (surplus or lacking). Therefore, in maternal NR models, reduced
insulin secretion would not result in insulin resistance if offspring continued to be
subjected to NR throughout their lifetime. Therefore, in order to observe the effects fetal
programming researchers place dams and offspring on diets that are formulated meet
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requirements following parturition; in litter bearing species, litter numbers are evenly
distributed among dams.
In addition to altered endocrine function, offspring that are born to dams
experiencing nutrient restriction (NR) during gestation often experience reduced
birthweights. Rat pups born to dams that were offered only 50% of recommended daily
intake were born lighter than pups born to dams fed to meet requirements (Tungalagsuvd,
et al., 2016). Lighter birth weights were noted in lambs whose dams were subjected to
NR starting at d 100 of gestation (Sebert, et al., 2011). The majority of beef cattle in the
US are raised in pastoral systems (Funston, et al., 2010; Wu, et al., 2006). Due to changes
in forage availability caused by season and extreme conditions such as drought in
addition to increased nutrient requirements associated with gestation and lactation, many
cattle are subjected to nutrient restriction at some point throughout the year. When a
bovine dam experiences nutrient restriction she begins to partition nutrients in a manner
such that she will maintain her own body condition before partitioning nutrients for the
maintenance of pregnancy (Short, et al., 1990). It is important to note that NR during
gestation does not always result in reduced birthweight. The majority of ruminant fetal
growth occurs during the last two mo of gestation (Holland and Odde, 1992; Robinson, et
al., 1977). Therefore, it is not surprising that studies in which mature bovine dams
experience NR during early or mid – gestation show no differences in birth weight of
offspring due to maternal plane of nutrition (Long, et al., 2010). When fetuses from
bovine dams fed below NRC requirements from d 30 to d 125 of gestation were
evaluated at 125 d of gestation only a portion of them experienced IUGR as noted by
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decreased fetal weight (Long, et al., 2009). When the remainder of these dams were
returned to 100% of requirements after d 125 they produced calves of similar birth weight
to dams fed to meet requirements for the length of gestation (Long, et al., 2009).
Decreased fetal crown-rump length at d 39 of gestation was noted in bovine dams
receiving 70% of NRC CP requirements from d 0-93 of gestation (Micke, et al., 2015).
Crossbred cows fed a low energy diet starting at 190 d of gestation produced calves with
a reduced birthweight compared to cows fed a high energy diet (Houghton, et al., 1990).
Similarly, dams experiencing nutrient restriction during the last 100 d of gestation
produced calves that were lighter at birth (LeMaster, et al., 2017).
Because maternal obesity is a continuing problem for much of the western world,
particularly the US, there is also interest in evaluating obesity during pregnancy for both
dam and offspring. Maternal obesity has produced variable results in terms of fetal and
birthweights with studies reporting no differences, IUGR, and large-for-gestational age.
By 75 d of gestation, lambs whose dams were fed at 150% of NRC requirements starting
60 d prior to gestation had increased fetal weights, but these differences were nonexistent by 135 d of gestation (Zhu, et al., 2010). Similarly, Zhang and others (2011)
showed no differences in fetal weight at d 135 due to maternal plane of nutrition. There
was a tendency for lamb fetal weights at midgestation to increase with level of feeding
(George, et al., 2012). Lambs born to obese mothers deposited more adipose tissue and
displayed impaired insulin signaling (Ford, et al., 2009; Yan, et al., 2011). Lambs born to
obese dams had increased DMI, increased body fat, elevated leptin levels and elevated
fasting glucose rates compared to those born to control dams when subjected to a 12
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week feeding trial (Long, et al., 2010). Similarly, male offspring whose dams were fed
150% of NRC requirements from 60 d prior to conception until parturition had increased
appetite and increased adiposity compared to those born to dams fed 100% of NRC
requirements (Long, et al., 2015).
Seeing as maternal obesity and NR have such drastic effects on offspring, there
has been research into nutritional interventions to circumvent these issues. LeMaster and
others (2017) showed that supplementing dams experiencing NR during the 100 d of
gestation with protein 3 d/wk reduced BW and BCS compared to dams fed to meet or
exceed their nutrient requirements, but calves produced by the protein supplemented
dams were similar in birthweight and growth up to 205 d of age and increased compared
to NR dams who did not receive protein supplementation. When heifers produced by
those dams were 15 mo of age they were subjected to an intensive 10 wk feeding trial in
which heifers born to NR dams who were supplemented showed BW gain, DMI, and
glucose regulation comparable to those born to control dams (Tipton, et al., 2018).
However, NR restriction during late gestation still produced leptin resistance regardless
of whether or not dams were supplemented with protein (Tipton, et al., 2018). When
ewes fed 150% of NRC requirements starting 60 d prior to conception were reduced to
100% NRC requirements at d 28 of gestation showed decreased fetal lamb weight
compared to those who continued to be fed at 150% of requirements at mid-gestation,
similar to those fed to meet 100% of requirements during the same time (Tuersunjian, et
al., 2013). Furthermore, the ewes who were returned to a normal plane of nutrition also
showed maternal and fetal plasma concentrations of metabolites and cortisol that were
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decreased compared to those continuing on an obese plane of nutrition, similar to control
ewes (Tuersunjiang, et al., 2013).
Summary
The goal of cattle producers is to produce a calf every year that is marketable to
consumers. In the current market that means that producers must increase the
reproductive efficiency of their dams and also produce calves with the propensity to
marble as well as feed rations that allow their livestock to produce nutritious products. In
pastoral cattle production, seasonal changes coupled with production demands of
livestock leave many animals short of their nutrient requirements (Wu, et al., 1006;
Lucas, et al., 1998). There is ample evidence that plane of nutrition can either positively
or negatively affect overall growth and health as well as specific traits of animals,
particularly during time periods of rapid growth and development such as gestation and
the post-weaning periods. Understanding when and how these alterations occur creates a
timeline for possible intervention steps. Offspring born to dams experiencing either
maternal obesity or NR are often leptin resistant and experience alterations of
glucose/insulin homeostasis as well as altered growth patterns and these symptoms tend
to worsen with age (Hales and Barker, 2001; Greenwood, et al., 1998; Tipton, et al.,
2018). Offspring which experience these effects are more likely to experience
cardiovascular and metabolic diseases (Lucas, 1998; Nathanielsz, et al., 2013; Wu, et al.,
2006). These effects can even be passed on to future generations regardless of how F1
dams are managed during gestation (Ford and Long, 2012; Long, et al., 2013; Shasa, et
al., 2015). Therefore, alterations to maternal diet when faced with limited nutrients and
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resources is even more pressing in order to insure hindered production is not a
reoccurring problem on an operation. There is mounting evidence suggest that returning
obese dams to a normal plane of nutrition or supplementing NR dams will lessen typical
programming effects (LeMaster, et al., 2017; Tipton, et al., 2018; Tuersunjian, et al.,
2013). Increasing the amount of IMF or marbling is one of the best ways to improve
value of a beef carcass. The post-weaning period stands to be the most efficient time to
alter nutrition in order to manipulate fat deposition as pathways regulating deposition are
active at as young as 7 mo of age (Wang, et al., 2009). Furthermore, early-weaning at less
than 180 d of age has been shown to exaggerate alterations in marbling development as
well as increase feed efficiency and ADG (Arnett, et al., 2009; Gorocia-Buenfil, et al.,
2007; Meyer, et al., 2005; Myers, et al., 1999; Nayananjalie, et al., 2015; Scheffler, et al.,
2014; Vendramini, et al., 2006). Supplementation of rumen protected fat sources allows
for increases in carcass valued through increased IMF while also meeting consumer
demands for a nutritious product (Jenkins, 1993; Mangrum, et al., 2016; Wood and Enser,
1997). Therefore, a combination of nutritional intervention and management practices
will allow producers to effectively produce high-quality products that meet consumer
demands.
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CHAPTER THREE
THE EFFECTS OF LATE GESTATION NUTRIENT RESTRICTION OF DAMS ON
HEIFER OFFSPRING INTAKE, METABOLITES, AND HORMONES DURING AN
AD LIBITUM FEEDING TRIAL
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Summary
This study’s objective was to determine if nutrient restriction during late gestation
affected beef heifer feed intake, body weight (BW) gain, and endocrine regulation during
a 10 week feeding trial. During the last 100 days of gestation, control (CON) dams were
fed to increase body condition score (BCS). Whereas, nutrient restricted dams (NR) and
NR dams protein supplemented three days/week (NRS) were fed to decrease BCS by 1.2.
After parturition, all cow-calf pairs were moved to a common pasture and fed in excess of
requirements until weaning. At 15 months of age, heifers were randomly sorted into two
pens and adjusted to a commercial total mixed ration over a two week period. Blood
samples and BW were taken at initiation of feeding and on a biweekly basis for the
duration of the feeding trial. Feed intake was monitored for 10 weeks using a GrowSafe
System. After 10 weeks, an intravenous glucose tolerance test (IVGTT) was performed
on 21 randomly subsampled heifers. During the feeding trial, NR heifers consumed more
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feed than CON and NRS heifers. Heifers from NR dams tended to increase BW
compared to NRS and CON heifers when adjusted for initial BW. Heifers from NR and
NRS dams had a greater increase in BCS compared to heifers from CON dams. Plasma
glucose and insulin concentrations during the feeding trial increased in NR heifers
compared to the other groups beginning at 2 and 4 weeks, respectively. Plasma leptin
concentrations were increased in the NR and NRS heifers compared to the CON heifers
beginning at week 4 of feeding. During the IVGTT at the conclusion of the feeding
challenge, plasma glucose and insulin were increased in NR heifers compared to other
treatment groups. These results show that nutrient restriction during late gestation alters
appetite and endocrine regulation in heifer offspring.

Key words: endocrine regulation, feed intake, heifers, late gestation nutrient restriction,
leptin

Introduction
Beef cattle are often produced in pastoral systems in which resources may be limiting
in quantity or quality at some part of the year corresponding to different phases of the
production cycle (Funston, et al., 2010; Wu, et al., 2006). A vast majority of ruminant
fetal growth occurs during the last two months of gestation (Robinson, et al., 1977;
Holland and Odde, 1991); making it important to understand how nutrient restriction
(NR) during this critical time period affects offspring postweaning and during growth.
Calves born to dams experiencing NR during late gestation often exhibit poor growth and
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productivity (Funston, et al., 2010). Late gestation NR has been shown to negatively
impact glucose and insulin regulation in humans (Plagemann, 2006), lambs (Gardner et
al., 2005), and rodents (Desai, et al., 1995). Offspring from NR dams are also more likely
to develop issues such as increased adiposity (Bipsham et al., 2003), and respiratory
diseases (Larson, et al., 2009).
The main site of appetite regulation is in the arcuate nucleus found in the
hypothalamus (Luquent et al., 2005). Specific alterations in fetal metabolic/energy
environment directly influence the development of appetite regulatory pathways and can
lead to altered consumption patterns throughout the entire lifespan (Ross and Desai,
2014). Yura et al. (2005) suggests that a postnatal surge in leptin can program the
appetite center in the hypothalamus. Manipulation of maternal diet leads to alteration of
the postnatal leptin surge of offspring immediately after birth and results in increased
appetite in rodents (Yura et al., 2005) and lambs (Long et al., 2011). Beef cattle have a
different leptin profile than most species, characterized by an increase in plasma leptin
for the first 2 days of life followed by a plateau rather than an immediate postnatal surge
(Long and Schafer, 2013). The long term effects of late gestation maternal nutrient
restriction on heifer offspring appetite and endocrine regulation are unknown. We
hypothesized that maternal nutrient restriction during late gestation would affect feed
intake of heifers as well as endocrine regulation.
Materials and Methods
Animals
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All procedures were approved by the Clemson University Animal Care and Use
Committee (AUP #2015-004). Detailed animal procedures and care used for the maternal
portion of this study have been previously described in detail (LeMaster et al., 2017).
Briefly, multiparous cows (Angus n = 7, Simmental x Angus n = 16, and Polled Hereford
x Angus n = 11), who produced heifer calves, sired by five different Angus bulls were
randomly assigned to one of three treatment groups at 101 ± 3 days prior to parturition.
Control (CON, n =11) cows received a diet designed to increase body condition score
(BCS). Nutrient restricted (NR, n=10) and nutrient restricted with protein supplement
(NRS, n=13) groups were fed to decrease BCS by 1 to 1.5 units. The CON treatment
group was randomly divided into two pastures and allowed to graze tall fescue (Festuca
arundinacea cv. Kentucky 31) or tall fescue with small proportions of crabgrass
(Digitaria anguinalis) ad libitum. When forage no longer met nutritional requirements,
CON cows received ad libitum fescue hay and 1.3 kg/head of high concentrate
commercial pelleted ration (17.2 % CP and 7,20 Mj Net Energy maintenance (NEms)/kg,
all on dry matter (DM) basis) fed 5 days/week. Both the NR and NRS groups were also
randomly assigned to two tall fescue pastures per treatment and allotted limited forage
through strip grazing. In addition, NRS cows were penned and individually offered 0.45
kg of soybean meal (8,62 Mj NEms/kg and 47.50 % CP; all on DM basis) 3 days per
week. As forage in the nutrient restricted pastures became depleted, the NR and NRS
treatments received limited fescue hay. Both pasture allocations and hay allowances were
adjusted weekly according to change in body weight (BW).
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BCS was assessed by the same trained individual at the beginning of the
experiment and every three weeks thereafter for the duration of the experiment using a 19 scale (Wagner et al., 1988). Maternal BW was taken at the beginning of the experiment
and once weekly for the length of the experiment. After calving, all cows and calves were
moved to a common pasture and fed ad libitum silage and 1.8 kg of high concentrate feed
or ad libitum fescue hay and 2.9 kg of high concentrate feed.
All calves were weighed within 4 hours of birth. A blood sample was taken via
jugular venipuncture from each calf within the first four hours following birth. Daily
blood samples were collected from birth (day 0) to day 8 of age. Then samples were
taken every other day from day 10 through day 20 of age. Cows and calves were
maintained as a single group until weaning. All heifers were weaned via abrupt
separation from their dams at approximately 7 months of age and placed into a single
feedlot pen where they were maintained until 15 months of age. At 15 months of age,
heifer calves (n=34) were blocked by maternal breed type and maternal treatment, and
then sorted randomly into 2 pens (15.2 m x 258.47 m). Over a period of two weeks,
heifers were adjusted to a commercial total mixed ration (5,32 Mj NEms/kg and 15.8 %
CP; all on DM basis). Feed intake was monitored for a 10 week period utilizing an
automated feeding behavior data acquisition system (GrowSafe Systems Ltd., Airdrie,
Alberta, Canada) with 3 nodes per pen. Feed intake was continuously measured based on
the weight difference of the feed bunk (accuracy to .01 kg) at the beginning and end of
each feeding event for each individual animal as determined by a unique electronic ear
tag worn by each heifer. Nodes were filled at 0600 and again at 1800 hours daily.
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Initial BW was calculated as the average of BW collected over 2 consecutive
days (day -1 and day 0 relative to the start of feed intake monitoring) at the start of the
study. Biweekly BW and blood samples were taken for a period of ten weeks at 0600
hours. Final BW was calculated as the average of BW collected over two consecutive
days at the end of the feeding trial (day 70 and day 71). During the same 10-week feeding
period, BCS was assessed at the beginning of the project and on weeks 4, 8, and 10.
After 10 weeks of feed intake monitoring, 21 heifers (7 per treatment group)
were randomly chosen (via a random number generator) for intravenous glucose
tolerance testing (IVGTT) using methods described by Long and others (2010) with
modifications. Heifers were removed from feed 18 hours before IVGTT, but were still
allowed access to water. A jugular venous catheter (Abbocath, 16 gauge, Abbott
Laboratories, North Chicago, IL) and extension set was placed aseptically at 0500 hours
the morning of the IVGTT. Animals were moved to an individual stanchion and allowed
to stand for 3.5 hours before the start of the IVGTT. Blood samples were collected at −15
and 0 minutes before heifers were given a bolus intravenous infusion of a sterile 50%
dextrose solution (Nova-Tech, Inc, Grand Island, NE) at a dose of 0.3 g of dextrose/kg of
BW. Blood samples were obtained at 5, 10, 15, 20, 25, 30, 45, 60, 90, and 120 minutes
post infusion. All blood samples were collected into 9 ml blood collection syringes
(Starstedt, Newton, NC) containing sodium heparin and placed on ice immediately after
collection and were centrifuged at 1800 x g at 4 ° C within 30 minutes of sample
collection. Plasma was decanted and stored at -20 ° C until analysis.
Biochemical Assays

52

Plasma leptin concentrations were evaluated from samples collected at parturition,
the first 20 days of age as well as samples collected at the start of feeding and at week 4,
8, and 10 of the feeding trial by RIA in duplicate in multiple assays (n=8) (Linco
Multispecies Leptin RIA, Linco Research, St. Charles, MO) with an inter- and intra-assay
coefficient of variation (CV) of 7.2 and 5.1%, respectively and a sensitivity of 0.5 ng/mL.
Insulin samples were measured in duplicate in a single assay by Coat-A-Count insulin
RIA with an interassay CV of 7.6% and sensitivity of 0.2 ng/mL. Plasma glucose
concentration was measured colorimetrically in triplicate (Liquid Glucose Hexokinase,
Reagent, Pointe Scientific, Inc., Canton, MI) with an inter- and intra-assay CV of 3.9 and
2.4%. All assays were previously validated in our lab (Long and Schafer, 2013).
Statistical analysis
Graphpad Prism (GraphPad Software Inc, La Jolla, CA) was used to calculate the
area under the curve (AUC) for plasma glucose and insulin response curves during the
IVGTT and for plasma leptin concentrations in the samples from each heifer from
parturition until day 20 of age. Plasma glucose and insulin during the IVGTT along with
plasma insulin, glucose and leptin concentrations during the feeding period were
analyzed as repeated measures using MIXED procedure of SAS (SAS Institute Inc, Cary,
NC) with treatment and time, and their interaction in the model. Area under the curve for
postnatal leptin, initial BW and BCS, BW and BCS changes, final BW and BCS, feed
consumption and feed consumption as a percent of initial BW were analyzed using the
GLM procedure of SAS with treatment in the model. The correlation between AUC for
postnatal leptin and feed intake was analyzed using the Proc Corr of SAS. Pen was
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initially included in the model as a random variable for all data collected during and after
the feeding challenge but was found to be nonsignificant (P > 0.63) and was there for
removed from the model. Data are presented as least square means ± SEM, and
differences considered significant at P ≤ 0.05, with a tendency set at P ≤ 0.10.

Results

Maternal data are shown in Table 1. Cows who produced heifer calves had similar
BW and BCS (P = 0.45 and P = 0.91, respectively) at the start of treatment. Starting at 55
± 4 day on treatment, CON dams had a greater BW (P = 0.03) than the NR and NRS
groups. At the end of treatment, CON cows gained BW (P < 0.0001) whereas NR and
NRS cows lost BW. Consequently, NR and NRS heifer calf dams had decreased BW (P
= 0.02) when compared to the CON group. Dams entered treatment with similar BCS (P
= 0.91), but at the end of treatment CON dams had a greater (P < 0.0001) BCS than their
nutrient restricted counterparts. During treatment CON dams had an increased BCS (P
<0.0001) compared to both nutrient restricted groups who reduced BCS.
Body weight of heifer calves at birth, 205 days of age, and average daily gain
(ADG) from birth to weaning are provided in Table 1. Heifer calves born to CON dams
were heavier at birth (P = 0.04) than heifer calves born to NR with calves born to NRS
dams as an intermediate. Heifers born to NR dams tended (P = 0.07) to weigh less at 205
days of age when compared to calves born to CON and NRS dams. This is supported by
the fact that heifer calves in the NR treatment group tended to have a lower ADG (P =
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0.08) than heifers from CON and NRS groups from birth to weaning. Heifer calves from
CON dams also displayed increased (P = 0.02) leptin AUC from birth to 20 days of age
compared to calves from NR and NRS dams (152 ± 23, 62.9 ±22.1, and 70.2 ± 19.4 AUC
units, respectively).
At the beginning of the 10-week feeding trial heifers born to CON, NR, and NRS
dams had a similar BW (P = 0.73; 371.68 ± 13.04 kg, 361.54 ± 13.68 kg, 356.76 ± 12 kg,
respectively). Heifers from CON dams entered the feeding trial with a tendency (P =
0.08) for an increased BCS (5.64 ± 0.1) when compared to heifers from NR and NRS
dams (5.4 ± 0.1 and 5.3 ± 0.1, respectively). When adjusted for initial BW, NR heifers
tended (P = 0.07) to have a greater increase in BW % (Figure 1A) when compared to
CON heifers with NRS heifer BW % being an intermediate. As shown in Figure 1B,
heifers born to NR dams consumed more (P = 0.01) feed than heifers born to CON and
NRS dams during the 10-week ad libitum feeding trial. Feed intake was found to be
negatively correlated (r = -0.45426, P = 0.009) with AUC for plasma leptin during the
first 20 days of age. Feed to gain ratio (Figure 1C) did not differ (P = 0.53) between
treatment groups. A greater increase (P = 0.01) in BCS (Figure 1D) was exhibited in
calves born to NR and NRS dams when compared to heifers born to CON dams.
Increased (P = 0.045) plasma leptin concentrations (Figure 2a) were exhibited in
heifers born to NR and NRS dams from week 4 through the end of the feeding trial when
compared to heifers from CON dams. From week 2 until the end of the trial, NR heifers
showed increased (P = 0.02) plasma glucose concentrations (Figure 2b) compared to their
contemporaries. A similar trend was noted in plasma insulin concentrations (Figure 2c).
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Starting at week 4 and continuing until the end of the feeding trial, the NR group
displayed higher (P < 0.0001) concentrations of plasma insulin than the NRS and Con
treatments. As indicated by AUC (P = 0.01), plasma glucose concentrations during the
IVGTT conducted at the end of the feeding trial (Figure 3a) were greater (P = 0.02) in
heifers from NR dams when compared to heifers from CON dams with heifers from NRS
dams as an intermediate. Heifers from NR dams also exhibited increased IVGTT plasma
insulin levels (Figure 3b, P < 0.001) compared to CON and NRS dams as shown by AUC
(P = 0.04).

Discussion

Using the same maternal model, we previously showed that birthweight and
endocrine regulation in newborn calves was altered by restricting maternal nutrition
during late gestation and that those effects could be modulated by protein
supplementation (LeMaster et al., 2017). The objective of this study was to determine if
programming effects experienced by heifers born to dams experiencing NR during the
last 100 days of pregnancy persist in young yearling heifers, altering feed intake and
endocrine regulation. To the authors’ knowledge this is the first study to determine the
effects of an intensive feeding on BW gain, DMI, glucose and insulin homeostasis, and
leptin concentrations of heifer offspring born to dams subjected to late gestation nutrient
restriction with or without protein supplementation compared to heifer offspring of
control dams.
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The reduced birth weight of calves born to nutrient restricted dams demonstrates that
the level of restriction was harsh enough to impede growth of heifer offspring in utero.
Extreme intrauterine growth retardation (IUGR) can result in slower growth throughout
postnatal life (Greenwood and Cafe 2007). The similar birthweight, adjusted 205 BW,
and ADG from birth to weaning exhibited by NRS and CON heifers indicates that
postnatal growth restriction appears to have been abated by a small amount of protein
supplementation in late gestation even while experiencing energy restriction. However,
hindered growth continues to be observed in NR heifers as shown by a reduced BW at
205 days of age and a tendency for reduced average daily gain from birth to weaning. At
the start of the feeding trial, at approximately 15 months of age, BW was similar between
treatments while heifers born to CON dams tended to have an increased BCS compared
to heifers born to NR and NRS dams; indicating that NR heifers exhibited catch up
growth from weaning to the initiation of the feeding trial. These findings are consistent
with the thrifty phenotype hypothesis described by Hales and Barker (2001) that stated
offspring experiencing NR in utero exhibit catch up growth during adolescence. This
catchup growth is often characterized by metabolic syndrome later in life. Rats born to
dams who were fed a protein deficient diet during pregnancy but fed a control diet after
birth showed decreased BW at 2 days postnatal but were of similar weight at 25 days
postnatal (Bautista, et al. 2015). Dams with impaired placental growth/function produced
lambs that were lighter at birth, but by 43 days of age were of a similar weight as control
born lambs (De Blasio, et al. 2007).
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Heifers born to NR dams showed a decreased ability to regulate glucose and insulin
homeostasis. This is apparent by increased levels of glucose and insulin in response to the
IVGTT along with increased plasma glucose and insulin during the feeding trial. Not
surprisingly, an increase in circulating glucose coincides with an increase in DMI in
heifers born to NR dams. Simultaneous spikes of glucose and insulin suggest glucose
intolerance due to insulin resistance in heifers born to NR dams. The occurrence of
insulin resistance in heifers born to NR dams is further supported by increased insulin
response during the IVGTT. In sheep, offspring born to dams experiencing NR during
late gestation were born lighter than their control fed counter parts and exhibited insulin
resistance in adulthood (Sebert, S. et al., 2011; Gardner, et al. 2005). It appears protein
supplementation averted the negative impacts of glucose and insulin homeostasis
associated with late gestation NR as shown by similar circulating glucose and insulin
levels in heifer calves born to NRS and CON dams.
Skeletal muscle is an insulin and glucose sensitive tissue (Gardner, et al. 2005). Late
gestation is the time of development for secondary muscle fibers which are responsible
for the vast majority of muscle growth by weight of fetus in ruminants (Fahey, et al.
2005; Du, et al. 2010). Consequently, it is likely that NR during this time period affects
the development of glucose and insulin receptors in skeletal muscle. Gardner and others
(2005) showed a decrease in GLUT4 receptors in adult sheep born to mothers who were
NR during late gestation, indicating an inability to transport glucose into skeletal muscle.
This is a potential explanation for the increased circulating plasma glucose levels found
in heifers born to NR dams.

58

Elevated insulin levels are often associated with increased adiposity (Shwartz et al
2000). Lambs born to dams that were NR during late gestation had an increased adipose
mass associated with an increase in adipose insulin receptors (Gardner et al, 2005).
Similarly, in this study, the increased insulin level exhibited by NR heifers is
accompanied by an increase in BCS. Intrauterine growth restriction induced by a variety
of maternal models such as glucocorticoid exposure (Long, et al. 2012), obesity (Ford, et
al. 2009; Long et al., 2010), and nutrient restriction (Matveywnko, et al. 2010) has been
shown to alter offspring pancreatic and β-cell function resulting in increased insulin
secretion. Our data coincides with these findings as NR heifers show an increase in
insulin concentrations during both the feeding trial and IVGTT suggesting altered
pancreatic and β-cell function.
The elevated insulin levels exhibited by NR heifers are also associated with increased
leptin levels, both of which are satiety factors that act on the hypothalamus (Schwartz
2000). Leptin acts on the hypothalamus by preventing the binding of Neuropeptide-Y
(NPY), which stimulates feed intake and helps control BW (Schwartz et al., 2000;
Plagemann 2006). Hyperleptinaemia and hypercortisolamia may lead to and/or contribute
to malprogamming of central circuits regulating food intake, body weight, and
metabolism (Plagemann 2006). Modifications in maternal nutrition have been shown to
cause a disruption in normal hunger/satiety signals. Maternal obesity has been shown to
induce leptin resistance in ewes (Long, et al. 2010) and humans (Considine, R.V., et al
1996). We previously showed that maternal NR of beef cattle during late gestation
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causes an upregulation of cortisol that reduced the leptin surge duration in newborn
calves (LeMaster et al., 2017).
In this study, increased DMI and a tendency for an increased change in BW when
adjusted for initial weight of heifers born to NR and NRS dams combined with increased
plasma leptin levels during the feeding trial implicate some level of dysfunction on the
level of the appetitic centers of the hypothalamus. These conditions are indicative of
leptin resistance. These findings are consistent with Nkrumah et al. (2015) who showed
that increased levels of leptin lead to increased DMI in feedlot steers. Foote et al. (2015)
showed a positive correlation between DMI and leptin concentrations in both steers and
heifers subjected to an 84 day feeding trial. The same authors showed that heifers have
increased leptin concentrations when compared to steers. Maternal nutritional status is
not available for these studies. However, it is not uncommon for cattle to be produced in
pastoral systems that do not meet all nutrient requirements for a gestating dam (Funston,
et al. 2010; Wu, et al. 2006). Deviation from traditional hunger/satiety signaling as
demonstrated by decreased consumption in lambs (Sebert, S. et al., 2011) and rodents
(Wang, et al. 2015) with elevated leptin levels could suggest that calves used in these
studies experienced restricting uterine environments.
There are various mechanisms that could cause leptin resistance. Decreased leptin
levels in cerebrospinal fluid compared to circulation as shown by Caro et al. (1996)
suggest the inability of endothelial cells to transport the hormone across the blood-brain
barrier. Mutated leptin receptors have been observed in obese mice (Sun et al. 2016). It is
unclear what the mechanism behind leptin resistance in this study was. Further studies
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may look at the mechanism causing leptin resistance in heifers born to dams experiencing
NR during late gestation.
This study shows that NR of beef cattle during the last 100 days of pregnancy alters
BW gain patterns, endocrine regulation, and feed intake of heifer offspring during an
intensive 10 week feeding trial. Heifers born to NR dam’s exhibit catch-up growth in the
post-weaning period. Characteristically, this catch-up growth is followed by an inability
to regulate circulating glucose levels that are associated with increased DMI. It also
appears that NR during the last 100 days of pregnancy leads to disruption of
hunger/satiety signaling in heifer progeny. Furthermore, we show that protein
supplementation appears to have alleviated increased feed intake and the glucose and
insulin dysregulation that was observed with late gestational NR. Heifers born to NRS
dams exhibit BW gain, glucose regulation, and dry matter intake similar to that of heifers
born to CON dams. However, NRS and NR both experience leptin resistance as
evidenced by increased DMI in spite of increased leptin concentrations. Further studies
are needed to identify the mechanism causing resistance in these animals.
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Figure 1. Change in body weight as a percentage of initial body weight (A), feed intake
(as fed) (B), feed to gain ratio (C) and change in BCS (D) of heifer calves born to dams
fed a control, nutrient restricted (NR), or a nutrient restricted with protein supplement
(NRS) diet during the last 100 d of gestation during a 10-week ad libitum feeding trial.
Means without common letters differ. Values are ± SEM.
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Figure 2a. Plasma leptin concentrations in heifers from dams fed control, nutrient
restricted (NR), and nutrient restricted with protein supplementation diets (NRS) during a
10-week ad libitum feeding trial. Values are ± SEM. Plasma leptin Treatment P = 0.045;
Time P = 0.16; Treatment x Time P =0.055.
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Figure 2b. Plasma glucose concentrations in heifers from dams fed control, nutrient
restricted (NR), and nutrient restricted with protein supplementation diets (NRS) during a
10-week ad libitum feeding trial. Values are ± SEM. Treatment x time, P = 0.02
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Figure 2c. Plasma insulin concentrations in heifers from dams fed control, nutrient
restricted (NR), and nutrient restricted with protein supplementation diets (NRS) during a
10-week ad libitum feeding trial. Values are ± SEM. Treatment x time, P < 0.0001
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Figure 3a. Glucose levels in 15 mo old heifers from cows that were fed control, nutrient
restricted (NR), or nutrient restricted with protein supplementation (NRS) diets during an
intravenous glucose tolerance test. Area Under the Curve (AUC) is depicted in the inset.
a,b,c
Means without common letters differ (P ≤ 0.05). Values are presented ± SEM.
Treatment x time, P = 0.02
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Figure 3b. Insulin levels in 15 mo old heifers from cows that were fed control, nutrient
restricted (NR), or nutrient restricted with protein supplementation (NRS) diets during an
intravenous glucose tolerance test. Area Under the Curve (AUC) is depicted in the inset.
a,b,c
Means without common letters differ (P ≤ 0.05). Values are presented ± SEM.
Treatment x time, P < 0.001
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Table 1. Body weight (BW), BCS, and calf performance data of
multiparous cows that produced heifer calves and were fed either a
control (CON), nutrient restricted (NR), or nutrient restricted with
protein supplement (NRS) diet during the last 100 days of
gestation.
Treatment
Item
CON
NR
NRS
PValue
Cow, n
11
10
14
BW, kg
Initial*
620 ± 24
644 ± 26
605 ± 21
0.45
Middle†
675 ± 24
610 ± 27
589 ± 21
0.03
End‡
694 ± 24
597 ± 26
576 ± 21
0.02
Change
74 ± 11
-47 ± 12
-30 ± 10 <
0.0001
BCS (1-9)§
Initial
5.4 ± 0.2
5.5 ± 0.2
5.5 ± 0.2
0.91
End
6.0 ± 0.1
4.3 ± 0.2
4.1 ± 0.1 <
0.0001
Change
0.6 ± 0.1
-1.2 ± 0.2 -1.3 ± 0.1 <
0.0001
Calf
Birth
37.2 ± 1.3
33.2 ± 1.4 35.3 ± 1.2
0.04
Weight
Adj 205d
228 ± 7
202 ± 8
221 ± 7
0.07
ADG
0.95 ± 0.04
0.86 ±
0.91 ±
0.08
0.04
0.04
Data presented as LSM ± SEM
* Beginning of treatment
† Day 55 ± 4 of treatment
‡ End of treatment (calving)
§ Wagner et al., 1988
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CHAPTER FOUR
THE EFFECTS OF AGE AT WEANING AND LENGTH OF LIPID
SUPPLEMENTATION ON GROWTH, METABOLITES, AND MARBLING OF
YOUNG STEERS

Abstract
The objective of this study was to determine how weaning age, days on supplement, and
lipid supplementation affected growth, circulating metabolites, and marbling deposition
of young steers. Steers from a single AI sire were early-weaned (EW, n = 24) at 150 ± 11
d of age or traditionally weaned (TW, n = 24) at 210 ± 11 d of age. Following a 2-wk
adaptation period, steers were assigned to control (CON, n = 12/weaning group) or an
isocaloric, isonitrogenous rumen by-pass lipid (RBL, n =12/weaning group) treatment
and then fed for either 45 (45d; n = 6/treatment) or 90 (90d; n = 6/treatment) days. Steer
BW was recorded on d -14 and -7 (relative to the start of treatment), then BW and blood
samples were taken on d 0, 22, 45, 66, and 90. After treatment, steers were harvested at a
commercial processing plant. The right rib section of each animal was collected for
proximate analysis. Data was analyzed in a 2 x 2 x 2 factorial arrangement of treatments
with all significant interactions in the model using SAS. Circulating metabolites were
analyzed as repeated measures. The RBL steers had greater plasma glucose than CON
steers (P = 0.03; 72.1 vs. 67.9 ± 1.7 mg/dL, respectively). Serum triglyceride
concentrations were increased in RBL steers vs CON steers (P = 0.02), and in TW
compared with EW steers (P = 0.03). Serum cholesterol concentrations were increased (P
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= 0.01) in RBL steers over CON steers. The longissimus dorsi from RBL steers had
increased EE compared with CON steers (3.6 ± 0. 2 vs 2.4 ± 0. 2 % on a wet basis; P
<0.0001). Also, longissimus dorsi from steers fed for 90 d had greater (P = 0.02)
concentrations (3.3 ± 0.2 %) of lipid than those fed for 45 d (2.7 ± 0.2 %). The average
subcutaneous and perirenal adipocyte diameter was decreased in steers fed for 45 d (87.1
vs. 111.2 µm, respectively) compared with those fed for 90 d (109.3 vs.140.1 µm,
respectively; P = 0.03). There was also a weaning age X treatment X days on feed
interaction for intramuscular adipocyte diameter (P = 0.02). Supplementation of RBL
increased concentrations of C18:2, C20:4, and total fatty acids on d 45 and d 90 (P ≤
0.05). These data show that RBL supplementation increased circulating metabolites as
well as marbling content of the longissimus dorsi and in young steers. Furthermore, a
longer period of supplementation resulted in increased IM adipose diameter and
increased HCW. Specific and total serum fatty acid concentrations were also affected by
RBL supplementation.
Keywords: Carcass quality, Early weaning, Fat supplementation, Fatty acid
concentrations, Length of supplementation, Metabolites
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Introduction
There is currently interest in improving quality of beef carcasses by increasing the
amount of marbling as well as the nutritional value of those fats by increasing the content
of unsaturated fatty acids (USFA; Harper and Pethick, 2004; Hocquette, et al., 2010;
Wood, et al., 2008). Increased marbling scores are associated with increased flavor,
tenderness, and juiciness in a beef carcass (Jost, et al., 1983). Early weaning (EW),
removal of the calf from the dam prior to 180 d of age (Rasby, 2007), has increased
marbling content in beef carcasses compared with those weaned at the traditional 210 d
of age because of the association of EW and concentrate feeding at a young age (Meyer,
et al., 2005; Moriel, et al., 2014; Myers, et al, 1999; Scheffler, et al., 2014; Schoonmaker,
2002). Supplementation of a rumen-bypass lipid (RBL) has also increased marbling in
early weaned steers (Mangrum, et al., 2016) and increase the amount of USFA available
for post-ruminal absorption by the small intestine (Jenkins, 1993). Wang and others
(2009) showed that pathways responsible for regulating intramuscular adipose deposition
are active as early as 7 mo of age. Therefore, management practices used to increase
marbling should be applied prior to or at this age.
Increased costs resulting from concentrate feeding associated with early weaning
could deter producers from adopting this management practice. Identifying the optimal
age at which supplementation is provided as well as the optimal length of
supplementation that yields the most improvement in the carcass is critical for the
adoption of these practices. The objective of the present study was to determine if EW
and supplementation of an RBL for either 45 or 90 d post weaning would increase
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carcass quality in steers prior to finishing. We hypothesized that EW would increase the
amount of marbling in young steers and that the effects of RBL supplementation would
increase the amount of USFA and marbling content in young steers after only 45 d of
supplementation.
Materials and Methods
All procedures were approved by Clemson University Animal Care and Use Committee
(AUP #2016-029).
At 150 ±11 days of age, body weight (BW) were recorded for 48 steers born to
multiparous cows (3 to 11 years of age) sired by a single Angus AI sire. All steers were
castrated within 24 h of birth. Steers were blocked by dam’s breed type (Angus n = 19,
Angus x Simmental n =20, and Angus x Hereford n = 9) and BW then assigned to either
EW (n = 24; weaned at 150 ± 11 d of age) or traditional weaning (TW, n = 24, weaned at
210 ± 11 d of age) groups. Calves in the TW treatment returned to pasture with their
dams until weaning. The same processing procedures at weaning were used for both
weaning groups.
At 120 ± 11 d of age and again at weaning, steers were vaccinated against
Pasteurella, 5-way respiratory and leptospira, and 7-way Clostridial bacteria (Presponse
HM [IM], Bovi-Shield Gold FP5 L5 [IM], UtraChoice-7 [SQ], respectively; Pfizer,
Exton, PA). Steers were then sorted into pairs according to breed type and BW in manner
so that there would be one steer per treatment in each pen and were then placed in 4.4 x
8.1 m pens for the duration of the experiment. Steers received ad libitum Bermudagrass
hay (14.9% CP, 2.3% Ether Extract, 61.7% TDN, 1.56 Mc/kg NEm, 32% ADF, 66.3%
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NDF on a DM basis) for the length of the experiment, including adaptation. Hay was
weighed and replenished daily at 0630h. On d 0, 22, 45, 66, and 90 (relative to the start of
treatment) hay refusals were weighed in order to calculate hay consumption per pen.
Over a period of two weeks, calves were adjusted to a diet consisting of corn gluten feed
(CGF; 91.6% DM, 21% CP, 87.2% TDN, 2.3 Mc/kg NEm, 5.2% Ether extract (EE) on a
DM basis) and oats (88% DM, 12.9% CP, 75.5% TDN, 1.9 Mc/kg NEm, 3.7 EE on a DM
basis). During this period, CGF was gradually added to a solely oats-based ration until
reaching a final composition of 2 kg oats and 1 kg CGF. Immediately following the
adaptation period, steers began treatment rations (d 0). Steers were stratified by BW and
breed composition then assigned to either a control (CON, n = 12) ration consisting of
900 g CGF (n = 12) or a rumen by-pass lipid (RBL, n=12) ration consisting of 143 g of
Essentiom™ (Church & Dwight Co., Inc., Princeton, NJ), 185 g of soybean meal (SBM),
and 435 g of CGF. Steers were also randomly allotted into groups that were fed for either
45 (n = 12/ weaning group) or 90 (n = 12/ weaning group) days. Thus, 8 treatment groups
were created; EW steers fed a CON diet for 45 d (EC45, n = 6), EW steers fed an RBL
diet for 45 d (ERBL45 n = 6), EW steers fed a CON diet for 90 d (EC90, n = 6), EW
steers fed an RBL diet for 90 d (ERBL90, n = 6), TW steers fed a CON diet for 45 d
(TC45, n = 6), TW steers fed an RBL diet for 45 d (TRBL45, n = 6), TW steers fed a
CON diet for 90 d (TC90, n = 6), and TW steers fed an RBL diet for 90d (TRBL90, n =
6). All rations were formulated to be isonitrogenous and isocaloric (2.0 Mc NEm and
19.3 g CP). Steers were individually penned and fed treatment rations at 0630h daily. In
addition, steers were pen-fed 0.5 kg CGF and 1 kg oats per head at 1900h daily. On d 9
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(relative to the start of treatment), 0.4 kg of CGF was added to both CON and RBL
rations in the mornings. Evening pen feed remained the same until d 68 when the ration
was increased to 1 kg of CGF and 2 kg of oats per head.
Steer BW and blood samples were collected on d 0, 22, 45, 66, and 90, relative to
the start of treatment. Two blood samples were taken at 0600 h from each steer before
feeding via jugular venipuncture. Blood samples were collected into 10 mL serum
collection tubes (BD Vacutainer, Franklin Lakes, New Jersey) and allowed to sit at room
temperature for one hour before undergoing an overnight incubation at 4° C. Following
incubation, serum samples were centrifuged at 1800 x g at 4° C for 20 min. An additional
sample was also collected from each calf into 10 mL tubes containing EDTA (Covidien
Monoject™, Mansfield, Maryland) and immediately put on ice. Within 1 h of collection,
samples were centrifuged at 1800 x g at 4 °C for 20 min. Plasma was then decanted and
stored at -20° C until analysis.
At the end of treatment (either 45 or 90 d after the initiation of treatment), steers
were hauled 128.8 km to a commercial abattoir for harvest after a 12 h fasting period.
After slaughter, hot carcass weight (HCW) was recorded. Before carcasses were moved
to the freezer, adipose samples were taken from the subcutaneous (SQ) and perirenal
(PR) depots. Two samples were immediately placed in 10% neutral buffered formalin
and eventually embedded in paraffin for histology. Another sample from each adipose
depot was snap frozen for biochemical analyses. After a 24 h chill, the right rib section of
each carcass was collected, put on ice, and transported to Clemson University. The same
trained professional evaluated each rib section for ribeye area (REA) and marbling score
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in accordance to the USDA standards (USDA, 1997). In addition, two steaks were cut
from each section and all external fat was removed. Two intramuscular adipose samples
were collected from one steak and then immediately placed in 10% neutral buffered
formalin and later embedded in paraffin for histology. The remaining steak was vacuum
packaged and stored at -20°C for proximate analysis.
Proximate Analysis of Steaks
One steak per steer was allowed to partially thaw, and then were cubed and
pulverized in a Blixer 3 Series D (Rovot Coupe USA. Inc., Ridgeland, MS). Samples
were then packaged and stored at -20°C until analysis. Percent moisture and lipid content
of each sample was determined in duplicate according to Method 950.46 and Method
960.39 (AOAC, 1990). Total lipid extraction was evaluated by washing samples with
petroleum ether (EMD Millipore Corporation, Billerica, MA) in a Soxhlet extract
apparatus for approximately 24 h. Intra- assay CV for the percentage of moisture and
percent total lipid were 4.5% and 4.8%, respectively.
Biochemical Assays
All samples were assayed in triplicate. Plasma triglyceride and cholesterol
concentrations were determined using previously validated colorimetric assays (Pointe
Scientific, Inc., Canton, MI; Long et al., 2014). The intra- and inter-assay coefficient of
variation (CV) for triglyceride concentrations were 4.1% and 3.9%, respectively.
Cholesterol concentrations had an intra-assay CV of 3.1% and an inter-assay of 3.8%.
Using previously published procedures (Long and Schafer, 2013), plasma glucose
concentrations was measured colorimetrically (Liquid Glucose Hexokinase, Reagent,
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Pointe Scientific, Inc., Canton, MI) with a 2.9% inter-assay CV and a 3.1% intra-assay
CV. Insulin samples were measured in duplicate in a singular assay by Coat-A-Count
insulin RIA with an intraassay CV of 3.7% and sensitivity of 0.2 ng/mL. Insulin assay
has been validated in our lab previously (Long and Schafer, 2013).
Fatty Acid Analysis
Duplicate 1mL serum aliquots from all steers were lyophilized (HarvestRight,
North Salt Lake, Utah) and then transmethylated according to Park and Goins (1994). An
internal standard, methyl tricosanoic (C23:0) was incorporated into each sample during
methylation. Each sample of fatty acid methyl esters was analyzed using a Shimadzu GC2014 gas chromatograph equipped with a Shimadzu AOC- 20s automatic sampler.
Separations were completed using a 60-m high resolution gas chromatography column
(Agilent Technologies, Inc., Santa Clara, CA). Samples were run at a split ratio of 10:1.
Fatty acids were identified by comparing retention times of known standards.
Histological Analysis
All SQ, PR, and IM adipose samples were fixed in 10% neutral buffered formalin,
embedded in paraffin and sectioned at 10 µm using a Leica RM 2165 microtome (Meyer
Instruments, INC., Houston, TX). Two cross sections of adipose taken 5 sections apart
were placed on slides (3 slides per sample). Sections were stained with hematoxlyin and
eosin Y then evaluated with a Meiji MT3410L biological microscope (New York
Microscope Company, Inc., Hicksville, NY). Images were recorded at 20x magnification
using Vixia HFS30 digital camera (Canon). Fields were chosen so that the field was
composed mostly of regularly shaped adipose cells. Both SQ and PR adipocyte area was

82

determined in 12 fields per animal using Image J software (National Institutes of Health,
Bethesda, MD). Adipocyte area was averaged across the 12 fields for an average
adipocyte area per animal. Intramuscular adipocyte area was determined using 6 fields
per animal with Image J software. Adipocyte area was averaged across the 6 field for an
average adipocyte area per animal. These procedures have previously been validated by
Long and others (2012).
Statistical Analysis
Hay intake was analyzed using PROC MIXED (SAS Inst. Inc., Cary, NC) with
weaning group, days on feed, and their interaction in the model statement. Pen was the
experimental unit used for hay intake. Individual steer was used as the experimental unit
for performance data, carcass measurements, proximate analysis, and metabolites.
Birthweight as well as all BW and change in BW throughout the experiment, HCW,
dressing percent, REA, marbling score, dry matter, ether extract, adipocyte diameters,
fatty acid concentrations on d 0, 45, and 90 as well as their interactions were analyzed
using the MIXED model with weaning group, days on feed, treatment, and maternal
breed in the model. Concentrations of plasma glucose, insulin, glucose to insulin ratio,
triglycerides, and cholesterol were analyzed as repeated measures using the MIXED
model of SAS with weaning group, days on feed, treatment, maternal breed composition,
and their interactions in the model statement. Data are presented as least squares means ±
SEM. Data are considered significant at P < 0.05 and a tendency is indicated at 0.05 ≤ P
≥ 0.10.
Results
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Steer BW from birth through the end of treatment and change in BW during
treatment is provided in Table 1. At every time point after weaning, TW steers had an
increased BW compared with EW steers (P < 0.0001). Treatment did not affect BW (P ≥
0.16). Angus steers were heavier (P = 0.0052) than Hereford influenced steers with
Simmental influenced steers as an intermediate (211.1 ± 5.3, 182.1 ±7.0, 194.1 ± 4.7 kg,
respectively) at 150 d of age. At the start of adaptation, Angus steers were heavier (P =
0.0085) than both Hereford and Simmental influenced steers (235.5 ± 6.2, 203.6 ± 8.1,
215.5 ± 5.5 kg, respectively). After the start of adaptation, no differences breed
differences in BW were observed. Angus steers had a decrease in BW whereas
Simmental and Hereford influenced steers increased BW during the adaptation period (1.88 ± 3.6, 12.99 ± 4.7, and 15.05 ± 3.2 kg, respectively; P = 0.01). Early weaned Angus
and Simmental influenced calves tended (P = 0.09) to have a reduced gain in BW (33.9 ±
4.1 and 23.9 ± 4.1 kg, respectively) when compared to their TW counter parts (44.6 ± 4.9
and 39.9 ± 4.1 kg, respectively) and EW Hereford influenced steers tended to have a
greater increase in BW than TW Herefords during the last 45 d of treatment (P = 0.09).
Hay consumption data is shown in Figure 1. During adaptation (Figure 1a), TW
steers consumed more hay than EW steers (P < 0.0001). There was a treatment*day
effect (P = 0.0001) in which traditionally weaned steers fed for 45 d consumed more hay
than EW fed for 45 d steers while on treatment, and, similarly, TW steers fed for 90 d
consumed more hay than EW steers fed for 90 d while on treatment.
Carcass measurements and steak proximate analysis data are presented in Table 2.
Steers in the TW group had a greater HCW than steers in the EW group (P < 0.0001;
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153.7 ± 2.7 kg and 132.0 ± 2.7 kg, respectively). Steers fed for 90 d also had a greater
HCW and dressing percentage than those fed for 45 d (P < 0.0001 and P = 0.01). Ribeye
area was not affected by weaning group, treatment, or days on feed (P ≥ 0.19). Marbling
score was increased in steers in the RBL treatment (P < 0.0001) compared with those in
the CON treatment as well as in steers fed for 90 d compared with steers fed for 45 d (P <
0.0001 and P = 0.0002, respectively). There was a greater concentration of DM in steaks
from CON steers feed for 90 d than those fed for 45 d (Treatment*Day P = 0.02).
Conversely, steaks from RBL steers fed for 45 d had a greater increase in DM over RBL
steers fed for 90 d (Treatment*Day P = 0.02). Steaks from RBL steers had a greater
percent of lipid than steaks from CON steers (P < 0.0001). Also, steaks from steers fed
for 90 d had greater lipid concentration than steaks from steers fed for 45 d (P = 0.02).
Steers fed for 90 d had an average SQ adipocyte diameter of 109.3 µm whereas
those fed for 45 d had an average of 87.1 µm (P = 0.03). Similarly, in the PR depot steers
fed for 90 d had an average adipocyte diameter of 140.14 µm and steers fed for 45 d had
an average diameter of 111.24 µm (P = 0.001). Intramuscular adipocyte diameters are
shown in Figure 2. In the IM depot there was a three-way interaction between weaning
group, treatment, and days on feed in which ERBL90 steers have increased adipocyte
diameter compared to EC90 and ERBL45 steers with EC45, TC90, TC45, TRBL90, and
TRBL45 steers as intermediates (P = 0.02).
As shown in Figure 3a, there was a treatment effect wherein steers fed an RBL
diet had increased (P = 0.03) circulating glucose compared with CON fed steers. Steers
fed CON diets had increased circulating insulin compared with those fed RBL diets
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(Figure 3b; P = 0.02). This lead to RBL steers having an increased glucose to insulin
ratio (Figure 3c; P = 0.03). In addition, there was a day effect with an increase in plasma
glucose concentrations on d 66 and 90 when compared to d 0, 22, and 45 (P = 0.004).
Traditionally weaned steers also had a tendency for increased circulating insulin
concentrations compared with EW steers (P = 0.07). Plasma triglyceride (Figure 4a)
concentrations were increased in RBL fed steers compared with CON fed steers (P =
0.002) as well as in TW compared to EW steers (P = 0.03) A day effect was observed
with an increase in triglyceride concentrations on d 90 compared with d 0 with d 22-66 as
an intermediate (P < 0.03). Plasma cholesterol concentrations (Figure 4b) were increased
(P = .01) in RB fed steers over CON fed steers starting at d 22 through the end of
treatment.
Specific and total FA concentrations on d 0 are given in Table 3. There were
increased concentrations of C14:0, C20:0, and C18:3 in TW compared to EW steers (P ≤
0.04). Concentrations of C18:1 cis 9, C18:2, were increased in EW steers compared to
TW steers on d 0 (P ≤ 0.05). There was a tendency for CON steers to start treatment with
increased concentrations of C14:0 and C18:3 compared to RBL steers (P = 0.10). Control
steers had increased (P = 0.03) concentrations of C18:2 on d 0 when compared to MEG
steers.
Concentrations of specific and total FA on d 45 are shown in Table 4. Steers in
the RBL treatment had an increase in concentrations of C12:0, C14:0, C16:0, C18:0,
C18:2, C20:0, C20:4, and total FA on d45 when compared to control fed steers (P ≤
0.05). Concentrations of C16:1 were increased in CON steers over RBL steers on d 45 (P
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< 0.0001). Early weaned steers had an increase in C16:1 and C20:0 on d 45 over TW
steers (P < 0.0001) on d45. There was a treatment by weaning group interaction for
C18:1 cis 9 wherein EWRBL steers had an increased concentration compared with
TWCON and TWRBL with EWCON as an intermediate (P = 0.03). There were no
differences in C18:1 tran 9 or C18:3 on d 45 due to treatment or weaning group.
Specific and total FA concentrations on d 90 are shown in Table 5. Traditionally
weaned steers had increased concentrations of C12:0, C14:0, C16:0, C16:1, C18:0, C18:1
tran 9, C18:2, C18:3, C20:4, and total FA on d 90 compared with EW steers (P ≤ 0.008).
There was a tendency for TW calves to have increased concentrations of C20:0 on d 90
when compared with EW calves (P = 0.06). Concentrations of C16:0, C18:2, C20:4, and
total FA were increased in RBL calves over CON calves on d 90 (P ≤ 0.008). Control fed
steers had increased concentrations of C16:1 and C18:1 tran 9 when compared with RBL
steers on d 90 (P ≤ 0.004). There was a treatment by weaning group interaction for C18:1
cis 9 in which EWCON calves had decreased concentrations compared with EWRBL and
TWCON calves with TWRBL calves as an intermediate (P = 0.01).
Discussion
Our lab has previously shown that EW steers fed an unsaturated RBL supplement
during the growing phase and finished in a feedlot had increased marbling scores
compared with those fed a control diet during the growing phase (Mangrum, et al., 2016).
However, there is difficulty discerning between the effects of calf age and
supplementation on growth and carcass characteristics. To the authors’ knowledge this is
the first study to show how age at weaning, days on feed, and the supplementation of a
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RBL affects BW gain, glucose and insulin concentrations, circulating serum FA
concentrations, and adipose deposition in young steers.
Lack of difference in BW between treatments demonstrates the diets were
isocaloric and isonitrogenous. Many ruminant fat supplementation studies with isocaloric
and isonitrogenous diets also show no differences in BW related to treatment (Bolte, et
al., 2002; De Fries, et al., 1998; Garcia, et al., 2003). In the current study, TW steers had
increased BW at all time periods post-weaning. Steers weaned at 89 d of age and grazed
pastures with supplement provided at 1% of BW were lighter at all time periods postweaning (Arthington, et al., 2005). Steers that were weaned at 74 d of age and placed on
rye grass or fed concentrate for 90 d then placed on concentrate were of similar weight to
TW steers at 180 d of age (Moriel, et al., 2014). However, when calves in EW systems
are fed high concentrate diets they have increased BW at the time of normal-weaning
compared with those left with their dams and continued to have increased BW at entry
into the feedlot (Barker-Neef, et al., 2001; Moriel, et al., 2014; Scheffler, et al., 2014;
Peterson, et al., 1987). In these studies, calves were of similar age at each weigh point. In
the present study the TW group was approximately 60 d of age older than the EW group
at each weigh date.
The increased hay intake between in TW steers and EW steers fed for the same
number of days is similar to other EW studies that show decreased DMI in EW steers
compared with TW steers during the grow (Barker-Neef, et al., 2001; Myers, et al.,
1999). In a finishing study, daily DMI was decreased in EW calves compared with TW
steers, but these calves also experience more days in the feedlot which eliminated
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differences in total DMI between the weaning groups (Schoonmaker, et al., 2002). In
addition to reduced DMI, EW steers are typically more efficient than TW steers as
demonstrated by improved gain:feed ratios and ADG (Barker-Neef, et al., 2001; Myers,
et al., 1999).
In the current study TW steers had increased HCW compared with EW steers.
Similarly, when steers weaned at 100 d of age were harvested at similar BF thickness
they had decreased HCW compared with steers weaned at 200 d of age (Barker-Neef, et
al., 2001). The authors attributed this difference to high-concentrate feeding in the EW
calves and thus encouraging fat accumulation at lighter weights. There are finishing
studies that show HCW is increased in EW steers compared with TW steers when cattle
are finished to common BF thickness or common BW (Scheffler, et al., 2014; Meyer, et
al., 2005). The increase in HCW in steers fed for 90 d compared to steers fed for 45 d in
the present study is consistent with other studies that show a linear increase in HCW with
increasing days of high concentrate feeding (Bruns, et al., 2004; May, et al., 1992; Van
Koevering, et al., 1995). The increased days of age in the TW group as well as calves fed
for 90 d could also account for the increased HCW. A serial slaughter study shows
increased days of age resulted in increased HCW (Greenwood, et al., 2015).
Increased marbling scores were observed in RBL steers regardless of length of
supplementation or weaning age. Steers fed a RBL during the growing phase and then
finished in a feedlot had increased marbling scores compared with those fed a control diet
during the growing phase (Mangrum, et al., 2016). Steers weaned at 7 mo of age and
supplemented with a protected fat source for a 28-d pre-conditioning period produced
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carcasses with increased marbling scores compared to those not supplemented (Cooke, et
al., 2011). Increases in marbling scores as days on feed are also consistent with other
studies that show either a linear or a curvilinear increase with increasing days on high
concentrate feed (Bruns, et al., 2004; May, et al., 1992; Van Koevering, et al., 1995). The
increase in fat content of the longissimus dorsi is further demonstrated by the decrease in
DM seen in steers fed for 90 d in the present study. USDA quality grades are assigned
based on the amount of marbling present in the Longissimus muscle between the 12th and
13th ribs of a beef carcass (Hale, et al., 2013). Increasing marbling scores is a particular
interest in cattle because it increases palatability, flavor, and juiciness (Jost, et al., 1983).
Because of the increased consumer appeal with carcasses of higher marbling content,
producers can be given premiums or deductions based on the quality grade that their
carcasses are assigned (Hocquette, et al., 2010; Ladeira, et al., 2016).
Adipocytes grow both by hyperplasia and hypertrophy (Cianzio, et al., 1985).
While it has been thought that IMF is a later maturing adipose depot (Cianzio, et al.,
1985; Hood and Allen, 1973), gene expression associated with hyperplasia, the increase
in cell number, is detectable as early as 7 mo of age (Wang, et al., 2009). Our results
show that after only 45 d of supplementation in EW steers, there are increases in
hyperplasia of adipocytes in the IMF depot, evidenced by decreased adipocyte diameter.
However, after 90 d of supplementation these differences are eliminated; suggesting that
lengthy supplementation could result in early maturation of IMF adipocytes. We also
show that RBL supplementation did not affect hyperplasia in TW steers. Steers weaned at
150 d of age and then supplemented a RBL showed a decrease in the diameter of IMF
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adipocytes compared to those fed isocaloric control diets after finishing, indicating an
increase in adipocyte hyperplasia (Mangrum, et al., 2016). As animals age, terminally
differentiated cells fill with lipid, causing the adipocyte to expand and become more
rounded (Cianzio, 1985). The expansion of adipocyte cells occurs as excess energy is
stored in the form of triacylglycerols in the process known as lipogenesis (Azain, 2004;
Wang, et al., 2008). In agreement with this, increased SQ and PR adipocyte diameter
were observed in steers fed for 90 d over steers fed for 45 d in the present study.
Serum glucose, trigylcerides, and cholesterol were increased in RBL steers. This
is consistent with previous findings in our lab showing that RBL supplementation
increased triglyceride and cholesterol concentrations after 55 d of supplementation
(Mangrum, et al., 2016). A combination of increased triglyceride and cholesterol content
was displayed in heifers receiving supplementations of calcium salts of fatty acids 5 d/wk
(Long et al, 2007; Long, et al., 2014). Increasing triglycerides in conjunction with
increasing total FA concentration in RBL could result from increasing amounts of
polyunsaturated fatty acids (PUFA) available for postruminal absorption. Increased
cholesterol concentrations were observed in heifers supplemented with whole sunflower
seeds starting at 4 mo of age (Garcia, et al., 2003). Rumen by-pass lipid supplementation
increased serum concentrations of cholesterol and glucose in ewes during the breeding
season (Hashem and El-Zarkouny, 2014; Long, et al., 2007). The increased glucose to
insulin ratio in RBL steers in our study is indicative of the increasing insulin sensitivity,
which is commonly shown in fat supplementation studies. Cartiff and others (2013)
showed that supplementation of fish oils with calcium salt increased insulin sensitivity in
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growing steers compared to steers fed diets supplemented with saturated fatty acids
(SFA).
Traditionally, USFA are only available for absorption in the small intestine in
relatively small amounts because of biohydrogenation in the rumen which causes them to
become saturated (Jenkins, 1993). The relatively high levels of SFA traditionally
associated with beef products in conjunction with the negative effects of SFA
consumption such as increased cholesterol and hypertension has caused a public outcry
for beef products with increased USFA content (Harper and Pethick, 2004; Hocquette, et
al., 2010; Wood, et al., 2008). The use of calcium salts has been shown to slow this
process and make USFA more available for incorporation into beef products (Jenkins,
1993). Increasing the content of USFA in beef products also stands to benefit producers
as consumers are willing to pay premiums for products with increased nutritional value
(Azain, 2004). In the present study we found increased concentrations of total fatty acids
and increased PUFA concentrations in RBL supplemented steers after 45 and 90 d of
supplementation. Consistent with our findings, Cooke et al. (2011) showed that fat
supplementation increased total FA and PUFA concentrations in plasma of forage-fed
beef cattle. Similar to Mangrum et al. (2016), RBL supplementation high in linoleic
concentration resulted in increased linoleic content on d 45 and 90. Increasing total and
specific and total fatty acids were seen in early gestation heifers and lactating cows
supplemented with RBL for 3 wk (Cook, et al., 2017). However, frequency of an
equivalent amount supplementation (3, 5, or 7 d/wk) showed minor to no differences in
the fatty acid profile of these animals (Cook, et al., 2017). However, Long and others
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(2014) showed that RBL supplementation of heifers 5 d/wk increased total and specific
serum fatty acid concentrations.
In conclusion, EW steers produced a lighter weight carcass of similar quality to
TW steers. Supplementation of RBL improved carcass quality of young steers by
increasing marbling scores and lipid concentration of steaks without negatively impacting
dressing percentage. Furthermore, RBL supplementation increased insulin sensitivity,
glucose, triglycerides, cholesterol, and serum specific and total fatty acid content. Steers
starting supplementation at 150 d of age respond to lipid supplementation in a similar
manner to those starting supplementation at 210 d of age. A longer supplementation
period increases fat content and carcass weight in young steers. Therefore, a combination
of EW and RBL supplementation can be used as management practices to meet current
consumer demands.
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Table 1. Body weight (BW) and change in BW of young steers weaned at different ages1 and supplemented a
control (CON) or rumen by-pass (RB) treatment.
Weaning Group
Early1

Treatment

Traditional1

CON

P -Value
RB

BW, Kg
Birth Weight
35.2 ± 1.2
33.9 ± 1.1
33.8 ± 1.1
35.3 ± 1.2
150 d of age
195. 9 ± 4.8
195.6 ± 4.6
195.0 ± 7.7
196.5 ± 4.6
d -14
195. 9 ± 5.6
240.5 ± 5.3
218.6 ± 5.5
217.72 ± 5.3
d -7
196.4 ± 4.5
240.1 ± 4.2
218.6 ± 4.4
217.9 ± 4.2
2
d0
207.4 ± 4.9
246.4 ± 4.7
228.2 ± 4.8
225.6 ± 4.7
d 22
231.1 ± 4.6
269.1 ± 4.4
252.3 ± 4.5
247.9 ± 4.4
d 45
252.7 ± 4.8
288.8 ± 4.5
272.6 ± 4.7
268.9 ± 4.5
d 66
262.9 ± 4.7
313.9± 4.6
293.4 ± 4.7
283.4 ± 4.6
d 90
284.2 ± 5.4
322.5 ± 5.2
306.6 ± 5.3
300.1 ± 5.3
Change in BW, Kg
Adaptation3
11.6 ± 3.3
5.9 ± 3.1
9.6 ± 3.2
7.8 ± 3.1
4
First 45 d
45.3 ± 1.4
42.4 ± 1.4
44.3 ± 1.4
43.4 ± 1.4
Last 45 d5
31.2 ± 2.9
37.5 ± 2.8
33.7 ± 2.8
35.0 ± 2.8
Data presented as LSM ± SEM
1
Age at Weaning: Early = 150 ± 11 d (n = 24); Traditional = 210 ± 11 d (n = 24)
2
Start of treatment
3
d -14 through d -1 of treatment (n = 48)
4
d 0 through d 45 of treatment (n = 48)
5
d 46 through d 90 of treatment (n= 24)
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Weaning

Treatment

0.66
0.97
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001

0.84
0.81
0.90
0.90
0.69
0.49
0.58
0.16
0.40

0.21
0.15
0.14

0.69
0.63
0.75

Table 2. Carcass characteristics and proximate analysis values of young steers supplemented a control
(CON) or rumen by-pass (RB) treatment for either 45 or 90 d (Days).
Treatment
CON
RB
P – Value
45
90
45
90
Treatment
Days
Treatment
Days on Feed
n
12
12
12
12
* Day
Carcass Measurements
HCW, Kg
130 ± 4
154 ± 4
135 ± 4
153 ± 4
0.65
< 0.0001
0.50
Dressing %
48 ± 1
51 ± 1
49 ± 1
50 ± 1
0.79
0.01
0.27
REA, cm2
19.8 ± 0.8
21.3 ± 0.8 19.6 ± 0.8 20.1 ± 0.8
0.27
0.19
0.46
Marbling
174 ± 15
250 ± 15
262 ± 15
306 ± 15
< 0.0001
0.0002
0.29
1
Score
Proximate Analysis
Dry Matter %
24.5 ± 0.3
25.4 ± 0.3 25.3 ± 0.3 24.6 ± 0.3
0.96
0.73
0.02
EE
2.1 ± 0.3
2.7 ± 0.3
3.3 ± 0.3
4.0 ± 0.3
< 0.0001
0.02
0.72
Data presented as LSM ± SEM
1
Marbling Score: 100 = Practically Devoid 00; 200 = Devoid 00 ; 300 = Slight 00

99

Table 3. Specific and total fatty acids on d 0 of steers that were early weaned at 150 d of age (n=24) or
traditionally weaned at 210 d of age (n=24) and then supplemented with a rumen-bypass lipid ration (RBL) or
an isocaloric, isonitrogenous control diet (CON).
Early Wean

Traditional Wean

P- Value

Fatty acid

CON

RBL

CON

RBL

SEM

Weaning

Treatment

12:0

4.07

3.94

4.38

3.49

0.35

0.85

0.16

14:0

4.89

4.25

5.90

5.14

0.42

0.03

0.10

16:0

111.07

101.95

118.17

106.59

8.72

0.51

0.50

16:1

18.74

16.88

18.83

17.60

1.90

0.83

0.42

18:0

176.75

158.56

197.05

178.09

16.39

0.23

0.26

18:1 cis 9

12.52

7.33

5.37

4.48

2.44

0.05

0.22

18:1 tran 9

112.95

94.33

119.04

114.77

9.49

0.17

0.23

18:2

277.30

233.42

235.97

186.30

21.22

0.04

0.03

20:0

8.50

9.45

11.62

12.05

1.25

0.03

0.58

18:3

27.76

24.05

37.92

29.2

3.67

0.04

0.10

AA

27.45

23.70

25.67

23.29

2.02

0.60

0.14

Total FA

854.28

746.32

848.63

758.8.

66.82

0.95

0.15
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Table 4. Specific and total fatty acids on d 45 of steers that were early weaned at 150 d of age (n=24) or
traditionally weaned at 210 d of age (n=24) and then supplemented with a rumen-bypass lipid ration
(RBL) or an isocaloric, isonitrogenous control diet (CON).
Early Wean
Fatty Acid

CON
5.38
7.75
141.8
23.04
216.85
9.69
156.08
277.32
15.12
43.31

RB
6.83
9.08
252.45
20.35
342.48
16.79
150.53
694.18
21.82
49.87

12:0
14:0
16:0
16:1
18:0
18:1 cis 9
18:1 tran 9
18:2
20:0
18:3
31.54
36.85
AA
1014.44
1737.40
Total FA
a
WG = weaning group

Traditional Wean

P- Value

CON
5.54
7.55
144.66
19.48
227.49
6.07
142.42
285.18
11.37
41.21

RB
5.99
8.32
225.10
15.44
314.32
6.62
141.79
622.14
15.70
42.32

SEM
0.40
0.51
12.01
1.45
19.94
1.39
11.79
33.22
1.12
3.52

Weaning
0.41
0.36
0.32
0.006
0.66
<0.0001
0.35
0.34
<0.0001
0.18

Treatment
0.02
0.05
<0.0001
0.03
<0.0001
0.009
0.79
<0.0001
<0.0001
0.28

WG*Trt
0.22
0.59
0.22
0.64
0.34
0.02
0.84
0.24
0.30
0.44

35.75
1043.60

37.75
1547.35

2.34
90.67

0.65
0.38

0.03
<0.0001

0.95
0.23
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Table 5. Specific and total fatty acids on d 90 of steers that were early weaned at 150 d of age (n=12) or
traditionally weaned at 210 d of age (n=12) and then supplemented with a rumen-bypass lipid ration
(RBL) or an isocaloric, isonitrogenous control diet (CON).
Early Wean
Fatty Acid
CON
RB
5.28
5.69
12:0
7.67
7.86
14:0
155.97
216.47
16:0
20.92
15.52
16:1
252.73
273.29
18:0
8.48
12.57
18:1 cis 9
158.00
131.66
18:1 tran 9
356.74
619.32
18:2
17.67
18.04
20:0
37.14
38.12
18:3
37.34
45.23
AA
1156.30
1437.57
Total FA
a
WG = weaning group

Traditional Wean
CON
RB
8.16
6.97
11.04
9.82
223.24
277.61
30.66
20.87
368.88
411.43
11.67
10.38
232.97
187.48
432.69
824.93
21.97
20.97
65.37
59.72
51.92
60.94
1644.00 20638.46
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SEM Weaning
0.48
0.0004
0.61
0.0004
13.14 0.0004
2.25
0.004
24.97 0.0001
0.97
0.62
12.45 <.00001
46.33
0.008
1.74
0.06
4.08 <0.0001
3.74
0.0009
99.04 <0.0001

P- Value
Treatment
0.43
0.42
0.0001
0.004
0.20
0.18
0.01
<0.0001
0.86
0.58
0.04
0.003

WG*Trta
0.12
0.27
0.82
0.34
0.74
0.01
0.46
0.19
0.70
0.43
0.88
0.49

Figure 1a. Hay consumed (kg) by steers that were early weaned at 150 d of age (EW) or
traditionally weaned at 210 d of age (TW) and fed for either 45 or 90 during adaptation.
Values are ± SEM
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Figure 1b. Hay consumed (kg) by steers that were early weaned at 150 d of age (EW) or
traditionally weaned at 210 d of age (TW) and fed for either 45 or 90 during treatment.
Values are ± SEM
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Figure 2. Intramuscualar adipocyte diameters (µm) of steers individually supplemented
an isocaloric, isonitrogenous diet with no rumen by-pass lipid (CON; n=24) or with a
rumen by-pass lipid (Essentiom™; RBL; n = 24) daily and fed for a duration of either 45
or 90 d. Values are ± SEM. Means without common letters indicate significant
differences. (Weaning X Treatment X Day: P = 0.02).
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Figure 3a. Plasma glucose on d 0, 45, and 90 of treatment for steers individually
supplemented an isocaloric, isonitrogenous diet with no rumen by-pass lipid (CON; open
circle; n=24) or with a rumen by-pass lipid (Essentiom™; RBL; closed circle; n = 24)
daily. Values are presented as ± SEM. (Treatment: P = 0.03; Day: P = 0.004)
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Figure 3b. Plasma insulin on d 0, 45, and 90 of treatment for steers individually
supplemented an isocaloric, isonitrogenous diet with no rumen by-pass lipid (CON; open
circle; n=24) or with a rumen by-pass lipid (Essentiom™; RBL; closed circle; n = 24)
daily. Values are presented as ± SEM. (Treatment: P = 0.02)
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Figure 3c. Plasma glucose to insulin ratio on d 0, 45, and 90 of treatment for steers
individually supplemented an isocaloric, isonitrogenous diet with no rumen by-pass lipid
(CON; open circle; n=24) or with a rumen by-pass lipid (Essentiom™; RB; closed circle;
n = 24) daily. Values are presented as ± SEM. (Treatment: P = 0.03)
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Figure 4a. Plasma triglycerides concentrations on d 0, 22, 45, 66, and 90 of treatment for
steers individually supplemented an isocaloric, isonitrogenous diet with no rumen bypass lipid (CON; open circle; n=24) or with a rumen by-pass lipid (Essentiom™; RBL;
closed circle; n = 24) daily. Values are ± SEM. (Treatment: P = 0.002; Day: P = 0.03)
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Figure 4b. Plasma cholesterol concentrations on d 0, 22, 45, 66, and 90 of treatment for
steers individually supplemented an isocaloric, isonitrogenous diet with no rumen bypass lipid (CON; open circle; n=24) or with a rumen by-pass lipid (Essentiom™; RBL;
closed circle; n = 24) daily. Values are ± SEM. (Treatment X Day P = 0.01, respectively)
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